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INTRODUCTION 


Prostate  cancer  is  characterized  by  a  number  of  unique  features,  including  high  incidence, 
multifocal  origin,  zonal  specificity,  limited  response  to  androgen  ablation,  and  resistance  to 
chemotherapy  (Abbas  and  Scardino,  1997).  Our  goal  is  to  determine  the  biological  basis  of  these 
properties.  Preliminary  studies  led  us  to  propose  that  at  least  some  of  these  characteristics  are 
the  result  of  dysregulated,  albeit  wild-type,  p53  in  normal  human  prostatic  epithelial  cells  and  in 
a  majority  of  prostatic  adenocarcinomas.  We  had  noted  that  p53  was  not  induced  in  primary 
cultures  of  prostatic  epithelial  cells  in  response  to  DNA-damaging  agents  such  as  y-irradiation 
(Girinsky  et  al.,  1995).  The  p53  protein  is  known  to  be  a  key  regulator  of  cell  cycle  arrest  and/or 
apoptosis  (Wiman,  1997).  Therefore,  in  the  absence  of  p53  induction,  cell  cycle  arrest  or 
apoptosis  did  not  occur  and  DNA  damage  presumably  accumulated.  Induction  of  growth  arrest 
or  apoptosis  by  p53  in  response  to  DNA  damage  is  considered  to  contribute  to  the  ability  of  p53 
to  function  as  a  tumor  suppressor  gene.  Therefore,  dysregulated  p53  would  lead  to  genetic 
instability.  Our  proposed  research  addressesd  two  questions:  what  is  the  basis  of  dysregulated 
p53  in  human  prostatic  epithelial  cells,  and,  can  p53-mediated  cell  arrest  or  apoptosis  be  restored 
in  these  cells? 

BODY 

Our  first  designated  task  was  to  determine  the  biological  consequences  of  lack  of  p53- 
mediated,  Gl-cell  cycle  arrest  in  prostatic  epithelial  cells.  As  part  of  this  task,  one  of  our 
first  projects  was  to  expand  our  studies  to  include  a  series  of  epithelial  cell  strains  derived  from 
the  normal  central  zone  of  the  adult  prostate.  Our  previous  studies  had  focused  primarily  on 
normal  epithelial  cells  derived  from  the  peripheral  zone  of  the  prostate.  The  peripheral  zone  is 
the  site  of  origin  of  the  majority  of  cancers  that  occur  in  the  prostate,  whereas  the  occurrence  of 
cancers  in  the  central  zone  is  quite  rare  (McNeal,  1969). 

In  our  prior  work,  we  had  reported  that  none  of  the  cell  strains  derived  from  the  normal 
peripheral  zones  of  7  separate  individuals  had  showed  significant  induction  of  p53  in  response  to 
DNA-damaging  agents  (y-irradiation,  hypoxia,  or  chemicals)  (Girinsky  et  al.,  1995).  Our  initial 
studies  with  cell  strains  derived  from  the  normal  central  zone  were  limited,  but  we  had  observed 
that  2  of  the  5  cell  strains  of  this  type  appeared  to  show  some  induction  of  p53  in  response  to 
DNA-damaging  agents  (Girinsky  et  al.,  1995).  We  wondered  whether  central  zone  cells,  unlike 
peripheral  zone  cells,  retained  functional  p53;  was  this  the  basis  for  the  relative  resistance  of  the 
central  zone  to  the  development  of  cancer? 

We  established  8  additional  primary  cultures  of  epithelial  cells  derived  from  the  central  zone  and 
exposed  them  to  6  Gy  of  y-irradiation.  Levels  of  p53  protein  after  irradiation  were  evaluated  by 
immunoblot  analysis.  None  of  the  cell  strains  derived  from  the  central  zone  showed  an  induction 
of  p53  protein  in  response  to  y-irradiation.  These  results,  then,  were  similar  to  those  that  we  had 
previously  found  with  cells  derived  from  the  peripheral  zone.  We  concluded  that  p53  was 
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dysfunctional  in  the  central  zone  as  well  as  in  the  peripheral  zone,  and  that  differences  in  p53 
activity  therefore  could  not  explain  the  differential  susceptibilities  of  the  two  zones  to  the 
development  of  caneer.  However,  it  is  worth  noting  that  prostatic  intraepithelial  neoplasia 
(PIN),  considered  to  be  the  premalignant  precursor  of  invasive  cancer  in  the  prostate,  occurs  at 
equivalent  ffequeneies  in  the  eentral  and  peripheral  zones  (McNeal  and  Bostwick,  1986).  Lack  of 
p53  activity  might  therefore  relate  to  the  high  rate  of  PIN  in  both  the  central  and  peripheral  zones 
of  the  prostate,  while  other  unknown  faetors  limit  progression  of  PIN  to  invasive  cancer  in  the 
central  but  not  the  peripheral  zone. 

Another  element  of  task  1  was  to  investigate  the  effects  of  cellular  differentiation  on  p53 
induction.  Other  investigators  have  reported  that  the  differentiated  status  of  several  cell  types, 
such  as  keratinocytes,  affects  levels  of  p53  and  ability  to  repair  DNA  damage  (Li  et  ah,  1997). 
There  are  three  reeognized  subtypes  of  cells  in  the  prostatic  epithelium:  basal  cells,  secretory 
cells  and  neuroendocrine  cells.  Eaeh  of  these  subtypes  is  characterized  by  expression  of  a 
particular  pattern  of  markers.  Examples  inelude  expression  of  keratin  5  in  the  basal  cells,  keratin 
1 8  and  prostate-specific  antigen  (PSA)  in  secretory  cells,  and  chromogranin  A  in  neuroendocrine 
cells.  The  exact  relationship  of  these  cells  is  not  worked  out,  but  the  current  popular  view  is  that 
basal  cells  include  the  progenitor  (stem?)  cells  that  give  rise  to  either  secretory  or  neuroendocrine 
cells  by  alternate  pathways  of  differentiation,  presumably  triggered  by  different  stimuli 
(Bonkhoffetal.,  1994). 

Methods  to  isolate,  promote  or  maintain  these  different  lineages  of  prostatic  cells  in  vitro  are  not 
well  worked  out.  Specific  factors  or  conditions  to  maintain  basal,  secretory  or  neuroendocrine 
cell  populations  are  not  clearly  identified,  and  markers  to  distinguish  the  lineages  have  not  been 
plentiful.  However,  we  believe  that  our  primary  cultures  of  normal  prostatic  cells  most  closely 
resemble  basal  cells  when  grown  in  our  standard  culture  conditions.  Treatment  with  retinoic  acid 
promotes  a  phenotype  that  more  closely  resembles  secretory  epithelial  cells  (Peehl  et  ah,  1993). 

Accordingly,  we  treated  primary  cultures  of  prostatic  epithelial  cells  with  factors  that  we  believe 
may  change  the  differentiated  status  of  the  cells.  These  included  the  deletion  of  epidermal  growth 
factor  (EOF)  from  the  culture  medium,  or  the  addition  of  retinoic  acid  or  vitamin  D.  Deletion  of 
EOF  stops  proliferation  and  eellular  migration,  and  causes  the  cells  to  form  acinar-like 
arrangements  in  two-dimensions.  Retinoic  acid  and  vitamin  D  also  inhibit  growth  and  induce 
morphologieal  ehanges  (Peehl  et  al.,  1993  and  1994) .  Previously,  we  reported  that  treatment 
with  retinoic  acid  increased  the  expression  of  keratins  8  and  18  in  these  cells,  giving  a  hint  of  the 
induction  of  a  secretory-like  phenotype.  We  maintained  cells  for  three  days  with  retinoic  acid  or 
vitamin  D,  or  without  EOF,  then  exposed  the  cells  to  6  Gy  of  y-irradiation.  Relative  levels  of 
p53  protein  were  measured  by  immunoblot  analysis  after  irradiation.  Treatment  of  cells  with 
retinoic  acid  or  vitamin  D  alone,  or  deletion  of  EGF,  did  not  induce  p53.  Irradiation  of  cells 
treated  with  either  retinoic  acid  or  vitamin  D  also  did  not  increase  levels  of  p53  protein. 

However,  cells  maintained  without  EGF  showed  greater  accumulation  of  p53  protein  after 
irradiation  than  eells  in  medium  with  EGF.  This  is  a  potentially  important  finding  that  we  will 
pursue  in  future  studies.  Since  anti-EGF  therapy  is  being  tested  in  clinical  trials  against  prostate 
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and  other  cancers,  the  relationship  of  EGF  and  p53  is  very  relevant  to  developing  more  effective 
protocols  to  treat  prostate  cancer. 

Other  studies  that  we  performed  were  related  to  the  goal  of  task  1  to  determine  the 
biological  consequences  of  lack  of  p53-mediated,  Gl-cell  cycle  checkpoint  in  prostatic 
epithelial  cells.  We  suggested  that,  if  prostatic  cancer  cells  are  incapable  of  undergoing  p53- 
mediated  cell  cycle  arrest  or  apoptosis,  then  drugs  that  would  be  expected  to  be  effective  against 
prostate  cancer  would  be  those  that  induce  apoptosis  via  p5 3 -independent  mechanisms.  Our 
studies  so  far  bear  this  out.  We  tested  a  number  of  agents  that  have  been  reported  to  induce  p53- 
mediated  apoptosis  in  certain  other  types  of  cells,  and  found  that  none  induced  p53  or  apoptosis. 
In  contrast,  the  compound  brefeldin  A  (BFA),  reported  to  induce  apoptosis  in  cells  by  p53- 
independent  pathways  (Shao  et  al.,  1996),  was  a  potent  inducer  of  apoptosis  in  primary  cultures 
of  prostatic  cancer  cells  (Wallen  et  al.,  2000,  see  appendix).  Development  of  this  or  related 
compounds,  or  identification  of  other  agents  that  induce  p53-independent  death,  might  be 
anticipated  to  be  quite  effective  for  chemotherapy  of  prostate  cancer. 

Of  interest  are  our  findings  with  another  compound,  triptolide,  that  was  reported  to  induce  p53- 
independent  apoptosis  in  various  types  of  cancer  cells.  Triptolide  is  extracted  from  a  Chinese 
herb  that  has  been  used  to  treat  arthritis  for  centruries;  recently,  activities  consistent  with  anti¬ 
tumor  activity  have  been  noted.  Since  we  believed  that  drugs  with  the  ability  to  induce  p53- 
independent  apoptosis  would  be  effective  against  prostate  cancer  cells,  we  tested  triptolide  on 
primary  cultures  of  normal  and  malignant  prostate  cells  (Kiviharju  et  al.,  submitted  for 
publication,  see  appendix).  Indeed,  triptolide  induced  apoptosis  in  these  cells.  Surprisingly, 
however,  induction  of  apoptosis  was  proceeded  by  a  robust  upregulation  of  p53  protein. 
Downstream  gene  targets  of  p53  were  also  induced,  suggesting  that  p53  was  functional.  Thus  we 
identified  an  functional  signaling  pathway  leading  not  only  to  p53  induction  but  to  p53 -mediated 
apoptosis  as  well.  The  molecular  basis  of  triptolide’s  action  remains  to  be  elucidated,  but  we 
suggest  that  triptolide  may  be  a  promising  candidate  for  therapy  of  prostate  cancer. 

While  triptolide  at  concentrations  higher  than  15  jig/ml  induced  apoptosis,  lower  concentrations 
inhibited  growth  but  did  not  induce  apoptosis.  These  lower  concentrations  of  triptolide  also  did 
not  upregulate  p53.  We  hypothesized  that  triptolide  might  inhibit  growth  by  inducing  premature 
senescence  of  prostate  cells.  We  had  previously  showed  that  the  marker  senescence-associated 
P-galactosidase  corresponds  with  the  development  of  senescence  in  serially-passaged  cultures  of 
prostatic  epithelial  cells  (Choi  et  al.,  2000).  Then,  in  collaboration  with  the  laboratory  of  Dr. 
Joyce  Slingerland,  we  examined  the  molecular  pathways  involved  in  the  development  of  the 
senescent  phenotype  (Sandhu  et  al.,  2000,  see  appendix).  As  has  been  found  in  other  types  of 
cells,  was  increased  in  conjunction  with  senescence.  Interestingly,  neither  p53  nor  p21 

increased  in  senescent  prostatic  epithelial  cells,  in  contrast  to  the  increase  in  these  proteins  seen 
in  senescent  fibroblasts.  Here,  then,  is  yet  another  instance  of  the  lack  of  participation  of  p53  in 
a  critical  growth-regulatory  process  in  prostatic  epithelial  cells.  When  we  examined  the  growth- 
inhibited  phenotype  of  prostate  cells  induced  by  low  eoneentrations  of  triptolide,  we  indeed 
found  that  triptolide  induced  premature  senescence  by  a  p5  3 -independent  mechanism.  We 
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suggest  that  triptolide  should  be  further  investigated  as  a  chemopreventive  agent  against  prostate 
cancer  based  on  its  activities  on  primary  cultures. 

Task  2  of  our  proposed  work  was  to  attempt  to  restore  p53  activity  and  the  Gl-checkpoint 
to  prostatic  epithelial  cells.  We  have  achieved  this  goal  by  using  three  diverse  approaches: 

Treatment  with  inhibitors  of  RNA  transcription 

The  first  approach  involved  treating  prostatic  epithelial  cells  with  actinomycin  D,  a  well-known 
inhibitor  of  RNA  transcription.  The  rational  was  to  inhibit  the  transcription  of  the  mdm2  gene, 
whose  product  binds  the  p53  protein  and  targets  p53  for  ubiquitin-mediated  degradation  (Prives, 
1998).  This  process  is  considered  to  be  the  key  mechanism  causing  the  rapid  turnover  of  the  p53 
protein,  keeping  its  levels  low  in  the  absence  of  stress.  Whereas  p53  levels  are  mainly  regulated 
by  this  post-transcriptional  mechanism,  levels  of  mdm2  are  mainly  regulated  at  the 
transcriptional  level  (An  et  al,  1998). 

We  found  that  p53  protein  levels  were  indeed  upregulated  by  exposure  of  prostatic  epithelial 
cells  to  actinomycin  D  (Lecane  et  al.,  in  preparation,  see  appendix).  This  finding  demonstrated 
for  the  first  time  that  p53  was  capable  of  being  upregulated  in  prostatic  epithelial  cells. 

However,  the  nature  of  this  approach  did  not  allow  us  to  determine  whether  p53  was  capable  of 
functioning  after  upregulation.  Because  p53  is  a  transcriptional  factor,  the  presence  of 
actinomycin  D  blocked  the  transcriptional  activation  of  typical  targets  of  p53  such  as  p21. 
Therefore,  we  sought  other  approaches  that  might  upregulate  p53  and  also  permit  us  to 
investigate  its  functions  and  biological  effects. 

Treatment  with  leptomvcin  B 

To  that  end,  we  tested  the  effects  of  leptomycin  B  (LMB),  an  anti-fungal  agent  that  has  been 
found  to  be  a  unique  inhibitor  of  the  cell  cycle  of  mammalian  cells.  Recently,  LMB  was  foimd  to 
inhibit  specific  protein  and  RNA  export  from  the  nucleus  to  the  cytoplasm.  LMB  achieves  this 
by  interacting  directly  with  CRMl,  a  receptor  that  mediates  the  export  from  the  nucleus  of  viral 
and  cellular  proteins  containing  leucine-rich  nuclear  export  signals.  Lain  et  al.  (1999)  found  that 
addition  of  LMB  to  cultures  of  normal  human  fibroblasts  led  to  accumulation  of  p53  and  p53- 
responsive  genes  in  the  nuclei  of  these  cells.  A  nuclear  export  signal  has  been  described  in  the 
mdm2  gene  as  well  as  in  the  p53  gene,  suggesting  that  export  of  p53  fi:om  the  nucleus  is  mediated 
by  the  CRMl  exportin.  Presumably,  LMB  upregulates  nuclear  p53  protein  by  preventing 
mdm2-  mediated  transport  of  p53  to  the  cytoplasm  for  ubiquitin-mediated  degradation. 

We  treated  prostatic  epithelial  cells  with  LMB  for  4  hours  and  measured  cellular  levels  of  p53 
protein  by  immunoblot  analysis  (Lecane  et  al.,  in  preparation,  see  appendix).  In  imtreated  cells 
or  cells  exposed  to  y-irradiation,  p53  protein  levels  remained  low.  In  contrast,  p53  levels  were 
significantly  elevated  by  treatment  with  LMB  at  20  nM,  or  the  proteasome  inhibitor  MG132  at 
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25  |i.M.  By  immunocytochemistry,  we  also  demonstrated  the  nuclear  accumulation  of  p53  in  the 
presence  of  LMB. 

In  additional  studies,  we  found  that  short-term  exposure  (2  to  4  hours)  of  cells  to  LMB  induced 
long-term  elevation  of  p53.  Studies  were  performed  to  test  the  biological  effects  of  this  long-term 
elevation  of  p53  (Lecane  et  al.,  in  preparation,  see  appendix).  Cell-cycle  analysis  by  flow 
cytometry  demonstrated  a  G1 -arrest  after  treatment  with  LMB.  Results  from  growth  assays 
further  demonstrated  that  exposure  to  LMB  caused  proliferative  arrest.  We  treated  prostatic 
epithelial  cells  for  4  hours  with  LMB  (at  which  time  p53  was  determined  to  be  upregulated),  then 
washed  away  the  LMB  and  tested  the  ability  of  the  cells  to  proliferate  in  clonal  growth  assays. 
Treatment  with  as  little  as  0.25  ng/ml  of  LMB  for  4  hours  resulted  in  a  40%  decrease  in  clonal 
growth  ability,  and  treatment  with  0.5  ng/ml  of  LMB  completely  abrogated  subsequent 
proliferative  potential.  Additional  experiments  indicated  that  the  effects  of  LMB  were 
irreversible.  When  cells  were  treated  with  0.25  ng/ml  of  LMB  for  4  hours,  then  were  permitted 
to  recover  for  24  hours  in  LMB-free  medium  before  testing  for  proliferative  potential,  clonal 
growth  was  reduced  even  further. 

LMB,  then,  like  actinomycin  D,  caused  an  accumulation  of  cellular  p53  in  prostatic  epithelial 
cells.  Based  on  the  mechanism  of  action  of  LMB,  we  expected  that  p53  accumulation  in 
response  to  LMB  would  occur  as  a  result  of  an  increase  in  the  half-life  of  the  p53  protein.  This 
indeed  was  the  case.  In  untreated  pro  static  epithelial  cells,  the  half-life  of  p53  was  between  30 
and  60  minutes.  In  LMB-treated  cells,  the  half-life  was  60  to  120  minutes. 

Use  of  LMB,  rather  than  the  transcriptional  inhibitors,  gave  us  the  opportunity  to  investigate  the 
functional  effects  of  p53  upregulation.  We  examined  the  effects  of  upregulation  of  p53  on  the 
p21  and  mdm2  genes,  well-known  targets  of  p53’s  transcriptional  activation.  Inmnmoblot 
analysis  revealed  that  p21  and  mdm2  were  upregulated  in  correspondence  with  an  increase  in  p53 
levels.  This  suggested  that  upregulation  of  p53  by  LMB  resulted  in  active  p53,  as  indicated  by 
an  increase  in  p53’s  targets,  p21  and  mdm2. 

In  other  types  of  cells,  upregulation  of  p53  and  p21  result  in  cell  cycle  arrest  and/or  apoptosis. 
Our  experiments  to  evaluate  these  possibilities  in  primary  cultures  of  prostatic  epithelial  cells 
suggest  that  exposure  to  LMB  and  subsequent  upregulation  of  p53  and  p21  are  not  sufficient  to 
induce  apoptosis.  However,  activation  of  p53  by  LMB  did  result  in  apoptosis  of  the  prostate 
cancer  cell  line,  LNCaP  (Lecane  et  al.,  in  preparation,  see  appendix). 

Treatment  with  ultraviolet  irradiation 


Ultraviolet  irradiation  induces  p53  in  certain  cells  that  are  defective  in  y-irradiation  -induction  of 
p53.  We  exposed  normal  prostatic  epithelial  cells  to  increasing  doses  of  ultraviolet  B  (UVB)- 
irradiation  and  evaluated  p53  levels  by  immunoblot.  It  was  evident  that  a  robust  induction  of 
p53  occurred,  with  an  increase  seen  at  3  hours  and  peaking  at  8  hours.  These  same  cells  showed 
no  induction  of  p53  in  response  to  y-irradiation.  Furthermore,  induction  of  p53  was 
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accompanied  by  upregulation  of  p21  and  mdm2,  two  targets  of  p53  transeriptional  aetivation. 
Thus,  the  signaling  pathway  leading  to  p53  aetivation  in  response  to  DNA  damage  (bulky 
adduets)  eaused  by  UVB  radiation  is  functional  in  prostate  cells. 

Regulation  of  p53 

These  results,  then,  provide  us  with  a  key  to  disseet  out  the  basis  for  the  dysregulation  of  p53  in 
prostatie  epithelial  cells.  Both  UVB  and  y-irradiation  induce  DNA  damage,  yet  only  UVB 
provides  a  signal  that  stabilizes  and  activates  p53  in  prostatic  epithelial  eells.  What  is  the  basis 
of  this  differential  effect?  We  hypothesize  that  post-translational  changes  that  modify  and 
stabilize  p53  do  not  occur  effectively  following  y-irradiation  or  after  exposure  to  drugs  that  eause 
double-stranded  DNA  breaks.  The  molecules  involved  in  these  post-translational  modifications 
of  p53  differ  between  the  pathway  triggered  by  y-irradiation  versus  UVB  irradiation.  In 
particular,  ATM  and  Chk2  are  implicated  in  phosphorylation  of  p53  following  y-irradiation, 
while  ATR  and  Chkl  are  activated  following  UVB  irradiation.  These  genes  will  be  evaluated  in 
future  studies  of  p53  activity  in  human  prostatic  epithelial  cells. 


KEY  RESEARCH  ACCOMPLISHMENTS 

*  determined  that  p53  protein  in  normal  epithelial  eells  derived  from  the  eentral  zone  of  the 
prostate  is  not  induced  in  response  to  DNA  damage  caused  by  y-irradiation 

*  determined  that  treatment  of  prostatic  epithelial  cells  with  putative  differentiation  agents 
(retinoic  acid  or  vitamin  D)  did  not  themselves  induee  p53  protein. 

*  noted  in  preliminary  studies  that  absence  of  EGF  signaling  possibly  sensitized  prostate  eells 
to  induction  of  p53  by  y-irradiation 

*  tested  a  number  of  drugs  or  other  compounds  and  found  that  only  one,  brefeldin  A,  which 
acts  via  p5  3 -independent  mechanisms,  induced  apoptosis  in  prostatic  epithelial  eells 

*  confirmed  that  senescence-associated  P-galaetosidase  and  inereased  levels  of  pl6,  but  not  p53 
or  p21,  are  markers  of  senescence  in  prostatie  epithelial  cells 

*  showed  that  p53  protein  in  prostatie  epithelial  cells  was  inducible  by  treatment  with  an 
inhibitor  of  RNA  transcription  (actinomycin  D) 

*  demonstrated  that  treatment  of  prostatie  epithelial  cells  with  leptomyein  B,  an  agent  that 
blocks  export  of  proteins  from  the  nueleus  to  the  cytoplasm,  leads  to  upregulation  of  p53 
protein 
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*  found  that  p53  protein  upregulated  by  leptomycin  B  in  prostatic  epithelial  cells  was  active, 
as  demonstrated  by  an  increase  in  transactivation  targets  of  p53  (mdm2  and  p21) 

*  observed  that  induction  of  active  p53  by  leptomycin  B  led  to  Gl-cell  cycle  arrest  and 
irreversible  growth  inhibition 

*  discovered  that  DNA  damage  caused  by  ultraviolet  B-irradiation,  in  contrast  to  that  caused 
by  y-irradiation,  induced  p53  in  prostatic  epithelial  cells 

*  identified  a  drug,  triptolide,  that  activates  a  functional  p53  pathway  that  culminates  in 
apoptosis  of  prostatic  epithelial  cells 

REPORTABLE  OUTCOMES 
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apoptosis  in  the  LNCaP  cell  line.  In  preparation. 


CONCLUSIONS 

DNA  damage  induced  by  y-irradiation  and  chemicals  that  cause  double-strand  DNA  breaks  does 
not  activate  wild-type  p53  in  primary  cultures  of  normal  human  prostatic  epithelial  cells  or 
prostatic  cancer  cells.  This  lack  of  p53  induction,  and  therefore  lack  of  cell  cycle  arrest  or 
apoptosis,  may  lead  to  genomic  instability  and  the  development  of  cancer. 
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One  of  our  goals  was  to  determine  whether  p53  was  irreversibly  nonfunctional  in  prostatic 
epithelial  cells.  The  experiments  that  we  performed  during  this  period  have  shown  that  this  is 
not  the  case.  Treatment  of  cells  with  inhibitors  of  RNA  transcription  resulted  in  elevated  levels 
of  p53  protein.  This  was  presumably  due  to  the  inhibition  of  transcription  of  mdm2,  the  protein 
which  regulates  the  degradation  of  p53  protein  and  whose  own  levels  are  regulated  by 
transcription.  While  these  experiments  showed  that  p53  protein  could  be  upregulated  in 
prostatic  epithelial  cells,  the  question  of  whether  this  elevated  p53  protein  was  functional  could 
not  be  addressed  because  inhibitors  of  transcription  block  the  transactivation  properties  of  p53. 
Therefore,  we  tested  an  alternate  means  of  elevating  p53  by  treating  cells  with  leptomycin  B 
(LMB),  an  inhibitor  of  nuclear  transport.  Since  p53  levels  are  normally  kept  low  by 
translocation  from  the  nucleus  to  the  cytoplasm  for  ubiquitin-mediated  degradation,  inhibition  of 
nuclear  transport  should  elevate  levels  of  p53  protein.  We  showed  that  this  indeed  occurred  in 
prostatic  epithelial  cells.  Furthermore,  this  p53  protein  was  active,  as  shown  by  a  concomitant 
increase  in  p21  and  mdm2,  two  of  p53’s  transcriptional  targets.  LMB-mediated  activation  of 
p53  caused  arrest  in  the  G1 -phase  of  the  cell  cycle,  and  irreversible  loss  of  proliferative  potential. 

Other  agents  also  activated  p53  in  prostatic  epithelial  cells.  Triptolide,  a  compound  extracted 
from  a  Chinese  herb,  dramatically  upregulated  p53  and  induced  apoptosis.  Ultraviolet  (UV) 
irradiation,  in  contrast  to  y-irradiation,  also  induced  p53  that  led  to  growth  arrest. 

In  conclusion,  we  now  know  that  certain  signaling  pathways  leading  to  the  upregulation  of  p53 
protein  and  activation  are  intact  in  prostatic  epithelial  cells.  These  pathways  can  be  exploited  for 
new  chemopreventive  or  therapeutic  strategies.  The  specific  p53  dysfunction  lies  in  the  inability 
of  the  cells  to  respond  to  signals  generated  by  agents  that  cause  DNA  double-stranded  breaks. 
Such  agents  are  considered  to  be  the  most  prevalent  factors  that  initiate  cancer.  Future  studies 
will  focus  on  molecules  such  as  ATM  and  Chk2  that  are  mediators  of  p53  activation  in  response 
to  double-strand  DNA  breaks. 
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ABSTRACT 

The  senescence  checkpoint  constrains  the  proliferative  potential  of 
normal  cells  in  culture  to  a  finite  number  of  cell  doublings.  In  this  study, 
we  investigaled  the  mechanism  of  cyclin  dependent  kinase  (cdk)  inhibition 
in  senescent  human  prostatic  epithelial  cells  (HPECsI.  Progression  of 
HPECs  from  early  passaije  to  senescence  was  accompanied  by  a  gradual 
loss  of  cells  in  S  phase  and  an  accumulation  of  cells  containing  2N  DNA. 
Furthermore.  G,-S  phase-associated  kinase  activities  progressively  dimin¬ 
ished  with  increasing  cell  passage.  In  senescent  HPECs.  cdk4  and  cyclin 
El-  and  A-associated  kinases  were  catalytically  inactive.  In  contrast  to 
observations  in  senescent  fibroblasts,  levels  of  the  kinase  inhibitor  protein 
(KIP)  inhibitor  p2P"’'  diminished  over  the  proliferative  life  span  of 
HPECs.  p27^"‘'  levels  fell  as  cells  approached  senescence,  and  the  asso¬ 
ciation  of  both  p2l‘~"’'  and  p27'^"‘'  with  cdk4/fr  complexes  was  decreased. 
However,  the  level  of  cyclin  El -associated  KIP  molecules  was  unaltered  as 
cells^ogressed  into  senescence.  Progression  to  senescence  was  accompa¬ 
nied  J>j-  a  ifrogressive  increase  in  both  the  level  of  pld*'^'^'*''  and  in  its 
association  with  cdk4  and  cdkfi.  As  HPECs  approached  senescence.  cdk4- 
and  cdk6-bound  showed  a  shift  to  a  slower  mobility  due  to  a 

change  in  its  phosphorylation  profile.  As  pld''^'^'*''  increased  in  cdk4  and 
cdkA  complexes,  there  was  a  lo.ss  of  cyclin  D1  binding.  The  altered 
phosphorylation  of  in  senescent  prostatic  epithelial  cells  may 

facilitate  its  as.sociation  with  cdk4  and  cdkfi  and  play  a  role  in  the 
inactivation  of  these  kina.ses. 


INTRODUCTION 

The  eventual  growth  arrest  that  defines  the  termination  of  cellular 
proliferation  of  normal  cells  in  culture  is  referred  to  as  cellular 
senescence  ( 1 ).  Normal  cells  can  undergo  ,a  finite  number  of  popula¬ 
tion  doublings  in  culture  before  they  stop  proliferation  at  sene.sccnce 
(1.  2).  Fibroblasts  arrested  at  senescence  have  predominantly  2N 
DNA.  reflecting  arrest  during  the  G,  phase  of  the  cell  cycle  (2). 
Several  lines  of  evidence  suggest  that  the  mechanisms  regulating  cell 
cycle  arrest  at  .senescence  are  genetically  programmed  and  reflect 
processes  relevant  to  aging  within  the  organism  (3-5).  It  has  been 
postulated  that  the  senescence  checkpoint  may  function  as  a  critical 
tumor  suppression  checkpoint  in  vivo.  Estimations  of  cellular  prolif¬ 
eration  have  suggested  that  tumor  growth  beyond  a  volume  of  1  cm'’ 
requires  abrogation  of  the  senescence  arrest  (6). 

Most  previous  studies  investigating  senescence  have  used  fibro¬ 
blasts.  The  high  incidence  of  prostatic  cancer  in  adult  males  and  our 
limited  understanding  of  prostatic  oncogenesis  motivated  our  study  of 
prostatic  epithelial  cell  senescence.  Primary  prostatic  cancers  fre- 
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qucntly  show  telomera.se  activation  (7-10).  and  it  is  possible  ti 
establi.sh  immortal  lines  from  primary  prostate  cancers  (1 1-13).  Thus 
prostate  cancer  development  may  be  associated  with  loss  of  thi. 
senescence  checkpoint.  An  understanding  of  the  molecular  mechu 
nisms  whereby  the  senescence  checkpoint  is  lost  in  cancers  require: 
an  a.s.sessment  of  this  checkpoint  in  normal  HPECs.’  In  the  prc.sen 
study,  we  investigated  the  mechanisms  of  cdk  inhibition  in  HPEC 
senescence. 

Transition  from  one  pha.se  of  the  cell  cycle  to  the  next  requires  thi 
orderly  aetivation  and  inaetivation  of  a  family  of  related  cdks.  cdkl-' 
Ireviewed  by  Sherr  (14)  and  Morgan  (15)j.  Cdks  are  activated  b\ 
cyclin  binding  ( 14)  and  regulated  by  phosphondation  ( 16).  G,  phase 
to  S  phase  progression  requires  phosphorylation  of  pRb.  which  is 
mediated  primarily  by  cyclin  Dl-a.ssociated  cdk4  or  cdk6.  and  al.so  b\ 
cyclin  E-edk2  (17.  18). 

Two  families  of  cdk  inhibitdrs.  the  INK4  and  KIP  families,  regulate 
cdk  activity  [reviewed  by  Sherr  and  Roberts  (19. 20)|.  The  KIP  famils 
consists  of  three  broadly  aeting  inhibitors:  p2l‘'''’’'.  p27'^"’'.  and 
p.57'^"‘.  KIP  family  members  bind  to  and  inhibit  the  cyclin-cdk 
complexes.  Recent  in  vitro  experiments  demonstrated  that  a  single 
KIP  molecule  is  .sufficient  to  inhibit  cyclin/cdk  kinase  activity  (21 ).  In 
contrast  to  the  KIP  inhibitors,  members  of  the  INK4  family 
(plS"^^-*”.  plb*'^^-*'’,  plS'^'^-*'’.  and  pl9""^‘"’)  bind  specifically  cdk4 
and  cdk6.  with  resulting  loss  of  cyclin  D  binding  and  catalytic 
inactivation. 

Cell  culture  models  have  identified  a  role  for  the  cdk  inhibitors  in 
senescence.  An  incrca.sed  expression  of  p21  and/or  pl6  at  .senescence 
has  been  identified  in  human  and  murine  fibroblasts  and  melanocytes 
(22-26).  The  induction  of  p21  in  senescent  fibroblasts  led  to  the  initial 
identification  and  cloning  of  this  gene  by  Noda  ct  al.  (27).  The 
elevated  expression  of  pi  6  and/or  p21  at  senescence  is  associated  with 
their  increased  binding  and  inhibition  of  G ,  -S  phase  cdks.  Elimination 
of  p2J  expression  through  homologous  recombination  extended  the 
life  span  of  human  diploid  fibroblasts  in  culture  (28).  Thus,  the  loss  of 
p21  expression,  although  itself  not  sufficient  to  abrogate  senescence 
arrest,  may  represent  a  key  step  in  the  immortalization  of  cells  of 
fibroblastic  lineage.  The  loss  of  p2I  and  pI6  expression  in  human 
cancers  suggests  that  in  vivo,  these  inhibitors  may  contribute  to  the 
senescence  checkpoint  and  limit  tumor  development  (29.  30). 

Jn  human  prostatic  tumors,  although  pJ6  is  rarely  mutated  (31, 32), 
loss  of  expression  occurs  frequently  through  hypermethylation  or 
deletion  (29,  33,  34).  Furthermore,  loss  of  pl6  expression  in  human 
prostatic  tumors  may  have  prognostic  implications  (30).  Together, 
these  results  suggest  that  pi  6  may  play  an  important  tumor  suppressor 
role  in  prostatic  epithelial  cells.  In  this  study,  we  show  that  the 
progression  toward  HPEC  senescence  was  associated  with  an  increase 
in  pi 6  levels.  Novel  phosphorylated  forms  of  pl6  showed  increased 
association  with  the  target  cdk  complexes,  cdk4  and  cdk6.  In  contrast 
to  senescence  in  fibroblasts,  neither  the  expression  of  p21  nor  its 
association  with  target  cdk  complexes  was  increased.  Phosphorylation 


•’The  abbreviations  used  are:  HPEC,  human  prostaiic  epithelial  cell;  cdk.  cyclin 
dependent  kinase;  pRb.  retinoblastoma  protein;  INK4.  inhibitors  of  cdk4;  KIP.  kinase 
hibitor  protein;  BrdUrd.  bromodeoxyuridine;  mAb.  monocional  antibody;  PAP.  potato 
:id  phosphatase;  2D  lEF,  two-dimensional  isoelectric  focusing. 
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of  pl6  may  represent  a  novel  regulatory  pathway  for  pl6  inhibitory 
activity. 


MATERIALS  AND  METHODS 

Cell  Culture.  Cell  cultures  were  established  us  follows;  Cell  strains  E- 
PZ-16  and  E-PZ-22  were  obtained  from  men  60  and  61  years  of  age.  respec¬ 
tively,  undergoing  radical  prostatectomy  to  treat  prostate  cancer.  Neither 
patient  had  received  previous  therapy.  Prostatic  specimens  were  transferred  to 
the  laboratory  within  I  h  after  surgery.  A  small  wedge  of  tissue  was  dissected 
from  the  peripheral  zone  of  each  specimen,  and  primary  cultures  were  estab¬ 
lished  as  described  previously  (35).  Briefly,  tissues  were  minced  and  digested 
overnight  with  collagenase.  The  digested  tissues  were  inoculated  into  dishes 
coated  with  collagen  type  I  and  containing  PFMR-4A  medium  supplemented 
with  10  ng/ml  cholera  toxin,  10  ng/ml  epidermal  growth  factor,  40  fig/ml 
bovine  pituitary  extract.  4  ;xg/ml  insulin,  1  /xg/ml  hydroconisone.  100 
gentamicin.  0.1  mM  phosphuethanolamine,  3  nM  selenous  acid,  2.3  fM  u-to- 
copherol.  and  0.03  nM  all-irans  retinoic  acid  (35).  Cells  that  grew  out  in 
primary  culture  were  aliquoted  and  stored  frozen  in  liquid  nitrogen.  The 
epithelial  nature  of  these  cells  was  verified  by  immunocytochemical  .staining 
for  cytokeratins  (35).  To  verify  the  histology  of  origin,  the  prostatic  specimens 
were  inked  after  dissection,  fixed,  and  serially  sectioned  (36).  The  histology  of 
tissues  immediately  adjacent  to  and  surrounding  the  portion  removed  for 
culture  was  reviewed.  Neither  cancer  nor  benign  prostatic  hyperplasia  was 
present  in  the  areas  of  tissue  from  which  the  cell  strains  were  derived. 

Cells-were  .serially  passaged  as  follows:  Cells  were  thawed  and  inoculated 
into  collagen-coated  dishes  containing  MCDB  105  (Sigma.  St.  Louis.  MO) 
supplemented  as  described  for  PFMR-4A  except  with  10  rather  than  40  Mg^ml 
pituitary  extract.  When  ~50%  confluent,  a  portion  of  the  cells  was  harvested 
for  analysis  of  cell  cycle  regulators  at  “pa-ssage  1."  The  remainder  of  the  cells 
(—10  or  20%)  were  passaged  after  trypsinization  into  40  dishes  and  again 
grown  to  —50%  contluency,  at  which  time  cells  were  again  either  harvested 
(“passage  2")  or  passaged.  This  process  was  repeated  twice  more  (pas.sages  3 
and  4)  until  the  cells  ceased  proliferation. 

Flow  Cytometric  Analysis.  At  different  passages,  cells  were  pulse  labeled 
with  10  fiM  BrdUrd  for  2  h.  Cells  were  then  harvested,  fixed  with  70%  ethanol, 
treated  with  0.1  N  HCl.  and  heated  for  10  min  at  90'’C  to  expose  the  labeled 
DNA.  Cells  were  then  stained  with  anti-BrdUrd-conjugated  FTTC  (Becton 
Dickinson.  Bedford.  MA)  and  propidium  iodide.  Cell  cycle  analysis  was 
carried  out  on  a  Becton  Dickinson  FACScan.  using  Ceil  Quest  software. 

.Antibodies.  Antibtxlies  to  pRb.  cdk2.  cyclins  A  and  Dl.  and  p2i  were 
obtained  from  PharMingen  (San  Diegq.  CA)  or  Santa  Cruz  Biotechnology 
(Santa  Cruz.  CA).  Cyclin  El-specific  alitibodies  (mAbs  E12  and  EI72;  Refs. 
37.  38)  were  from  E.  Lees  and  E.  Hal'low  (Massachu.sefts  General  Hospital. 
Bo.ston.  MAl.  Monoclonal  PSTAIRB' antibody  (39)  was  a  gift  from  S.  Reed 
(The  Scripps  Re.search  Institute.  La  Jolla.  CA).  and  cyclin  Dl  antibrxly. 
DCS- 1 1.  was  purchased  from  Neomarkers  (Fremont.  CA).  Cyclin  A  mAb  E67 
was  provided  by  J.  Gannon  and  T.  Hunt  ( ICRF.  London.  United  Kingdom). 
Monoclonal  p27  antibody  was  purchased  from  Transduction  Labs  (Lexington. 
KY).  Cdk4  and  cdk6  polyclonal  sera  were  provided  by  G.  Hannon  and  D. 
Beach  (CSH  Labs.  Cold  Spring  Harbor.  NY).  The  JC-6  monoclonal,  provided 
by  J.  Koh  and  E.  Harlow  ( Mas.suchusetts  General  Hospital:  Ref.  40).  and  pl6 
polyclonal  antibody,  purchased  from  Santa  Cruz,  were  used  for  immunoblot- 
ting  of  pl6  in  these  studies.  P-aclin  antibody  was  purchased  from  Sigma. 
Monoclonal  pi 9  antibody  was  obtained  from  Neomarkers.  Polyclonal  pl8 
antibody  was  kindly  provided  by  Y.  Xiong  (University  of  North  Carolina. 
Chapel  Hill.  NO. 

Immunoblotting.  Cells  were  lysed  in  ice-cold  NP40  lysis  buffer  (0.1% 
NP4().  50  mM  Tris  (pH  7.5).  150  mM  NaCl.  1  mM  phenylmethylsulfonyl 
fluoride,  and  0.02  mg/ml  each  of  aprotinin.  leupeptin.  and  pepstatinj.  Lysates 
were  sonicated  and  clarified  by  centrifugation. 

Protein  was  quantitated  by  Bradford  analysis.  Twenty  or  50  /xg  of  protein 
were  loaded  in  each  lane  and  resolved  by  SDS-PAGE.  Transfer  and  blotting 
were  as  described  (41 ).  Equal  loading  of  the  lanes  was  verified  using  a  0-actin 
antibody.  For  detection  of  cdk4-associated  proteins  by  immunoprecipitation/ 
Western  analysis.  cdk4  was  immunoprecipitated  from  200  /xg  of  protein  lysate, 
complexes  were  resolved  and  blotted,  and  the  blot  was  reacted  with  cdk4. 
cyclin  Dl,  pi 6.  p21,  or  p27  antibodies.  To  verify  the  identity  of  associated 


proteins,  control  cyclin  Dl,  pl6,  p21.  and  p27  immunoprecipitations'were 
resolved  along  side  the  cdk4  immune  complexes  (data  not  shown).  Similar 
methods  were  used  to  detect  cdk6-  and  cyclin  El-associated  proteins. 

Protein  Expression  in  Bacteria.  pRb  substrate  for  cyclin  Dl-associated 
kinase  assays  was  generated  from  a  pGEX  vector  containing  the  COOH 
terminus  of  pRb  (amino  acids  729-928)  fused  to  glutathione  5-tiansferase 
(kindly  provided  by  J.  Zhao  and  E.  Harlow,  Massachusetts  General  Hospital). 
Bacteria  were  lysed  in  PBS  containing  1%  Triton  X-IOO,  1  mg/ml  lysozyme, 
and  protease  inhibitors,  and  lysates  were  clarified  by  centrifugation  at  15.0(X) 
rpm  for  20  min.  The  pRb  fragment  was  isolated  by  incubadng  bacterial  extract 
with  glutathione  beads  for  1  h.  Beads  were  then  washed  repeatedly  with 
PBS- 1%  Triton  X-100  and  then  with  PBS  alone.  The  pRb  fragment  was  eluted 
in  20  mM  glutathione  in  PBS  (pH  7.8). 

Kinase  Assays.  For  cdk4  kinase  assays,  cells  were  lysed  in  50  mM  HEPES. 
150  mM  NaCl.  1  mM  EDTA  (pH  8.0),  2J  mM  EGTA  (pH  8.0),  10%  glycerol. 
10  mM  ^glycerophosphate.  1  mM  NaF.  0.1%  Tween-20,  0.1  mM  Na^VOA,  1 
mM  4-(2-aminoethyl)benzenesulfonyl  fluoride.  0.5  mM  DTT  and  1  mg/ml  both 
leupeptin  and  aprotinin.  Cdk4  kinase  assays  were  performed  following  the 
method  of  LaBaer  et  uL  (42).  using  cdk4  antibody  obtained  from  Santa  Cruz 
for  immunoprecipitation  and  the  COOH-terminal  fragment  of  pRb  as  substrate. 
Radioactivity  was  quantified  using  a  Molecular  Dynamics  Phosphorlmager 
and  ImageQuant  .software.  Cyclin  El-  and  A-associated  kinase  assays  were 
performed  as  described  (43).  Histone  H 1  substrate  was  obtained  from  Boeh- 
ringer  Mannheim  (Laval.  Quebec).  Background  levels  of  kinase  activity  were 
determined  for  each  kinase  reaction  by  immunoprecipitating  early  passage 
cellular  extract  with  nonspecific  mouse  mAbs  (Fig.  2.  Lane  C). 

Phosphatase  Assay.  Dephosphorylation  of  pl6  was  carried  out  by  immu- 
^noprecipitating  cdk6  comjjlexes  from  100  /xg  of  cellular  extract.  Complexes 
"were  washed  three  times  with  NP40  lysis  buffer  and  twice  with  potato  acid 
phosphatase  (PAP)  buffer  [40  mM  PIPES  (pH  6.0:  Sigma).  1  m.M  DTT.  20  ^, 
/xg/ml  aprotinin.  and  20  /ig/ml  leupeptinj.  An  ammonium  sulfate  precipitate  of 
PAP  (Sigma)  was  resuspended  in  1  ml  of  PAP  buffer  and  eluted  from  a  " 
desalting  column  (Pharmacia  Nap-5)  with  500  /txl  of  PAP  buffer.  Immunoprt-  ' 
cipitated  complexes  were  then  incubated  with  12  units  of  PAP  for  2  h.  The 
specificity  of  the  phosphatase  assay  was  confirmed  by  incubating  immunopre- 
cipitates  with  1  mM  NajVO,  and  100  mM  /3-glycerophosphate  in  addition  to 
PAP.  The  complexes  were  then  resolved  by  SDS-PAGE  and  immunoblotted 
for  pi 6. 

Two-Dimensional  Gel  Electrophoresis.  Isoeletric  focusing  of  pl6  was 
carried  out  by  immunoprecipitating  cdk6  complexes  from  I  mg  of  protein  cell 
extract.  The  immune  complexes  were  washed  three  times  with  .NP4()  lysis 
buffer  and  then  once  with  20  mM  Tris  (pH  7.5).  The  washed  complexes  were 
solubilized  in  200  /xl  of  rehydration  buffer  [8  .M  urea,  2%  (w/v)  CHAPS.  0.5% 
(v/v)  pH  3-10  IPG  (Immobiline  Dry  Strip  Gels)  buffer  (Amersham  Pharmacia 
Biotech),  and  18  mM  DTT]  and  loaded  onto  IPG  .strip  holders  containing  pH 
3-10  linear  IPG  strips  (Amersham  Pharmacia  Biotech).  The  gels  were  rehy¬ 
drated  with  the  sample  solution  for  17  h  at  20°C  and  then  focused  consecu¬ 
tively  for  I  h  at  5(X)  V,  1  h  at  1000  V.  and  2  h  at  8000  V  in  an  IPGPHOR 
Isoelectric  Focusing  System  (Amersham  Pharmacia  Biotech).  The  focused  gel 
•Strips  were  incubated  for  15  min  at  room  temperature  in  equilibration  buffer 
(50  mM  Tris  (pH  8.8).  6  M  urea.  30%  (v/v)  glycerol.  2%  (w/v)  SDS.  and  65  mM 
DTT]  prior  to  loading  onto  17.5%  SDS-PAGE  gels.  The  electrophoresed  gels 
were  then  transferred  to  Immobilon.  and  pl6  was  detected  by  immunoblotting. 


RESULTS 

Cell  Cycle  Arrest  in  Senescence.  The  cell  cycle  profile  of  HPECs 
was  determined  by  BrdUrd  pulse  labeling  and  flow  cytometric  anal¬ 
ysis  of  cells  at  early  passage  and  senescence  (Fig.  1 ).  At  early  passage. 
22%  of  asynchronously  growing  cells  were  in  S  phase,  66%  contained 
2N  DNA.  and  the  remaining  12%  of  cells  contained  4N  DNA. 
Cellular  proliferation  ceased  after  six  passages,  which  corresponded  to 
~30  population  doublings  at  senescence.  Cells  were  considered  to  be 
senescent  after  they  remained  subconfluent  for  >1  month.  Flow 
cytometry  of  senescent  HPECs  demonstrated  a  cell  cycle  arrest  with 
<1%  of  cells  in  S  phase  and  85%  of  the  cells  with  2N  DNA.  The 
remaining  14%  of  cells  had  4N  DNA  at  senescence. 
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Fig.  1.  Cell  cycle  arrc-si  in  .senescence.  Asynchronously  growing  and  senescent  cells 
were  pulse  labeled  with  BrdUrd  and  counierstained  with  propidiuni  uxlidc.  BrdOrd 
incorporation  and  propidium  iodide  uptake  were  plotted  for  both  early  pas.sage  iirft  panel) 
and  .senescent  (ri.e/t/ cells.  5,  cells  in  S  phase. 
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Fig.  2.  Cyclin^dependent  kina-se  activities.  Kinase  activities  were  assayed  in  imrouno- 
precipitates  recovered  from  cell  lysates  from  early  passage  (passage  I)  to  .senescence 
(passage  4).  Background  levels  of  kina.se  activity  were  determined  by  immunoprecipita- 
tion  with  nonspecific  mouse  mAbs  from  early  passage  cellular  extracts  (p  Lane  C  in 
insets).  Reaction  products  were  resolved  by  SDS-PAGE.  dried,  and  autoradiographed 
(insets).  Phosphorylation  of  substrate  was  quantitated  by  phosphotimager.  and  the  results 
were  graphed  as  a  percentage  of  the  maximum  early  passage  kinase  activity.  A.  cdk4- 
associated  kinase  activity.  The  COOH-terminal  domain  of  pRb  was  used  as  substrate  in 
cdk4-associated  kinase  assays.  B.  cyclin  El -associated  kinase  activity.  C,  cyclin  A-asso- 
ciated  kinase  activity.  For  B  and  C.  histone  HI  kinase  activity  was  assayed  in  cyclin  E  or 
cyclin  A  immunoprecipitates  recovered  from  increasing  passages. 


cells  progressed  from  early  passage  to  senescence.  Senescent  cells 
showed  no  kinase  activities  above  that  in  nonspecific  immune  con¬ 
trols.  Furthermore,  analysis  of  cells  of  increasing  passage  revealed  a 
progressive  loss  of  pRb  phosphorylation,  indicative  of  cell  cycle  arrest 
in  G,  (see  Fig.  SA).  Because  pRb  is  phosphorylated  by  cyclin  El  -  and 
Dl-associated  kinases,  loss  of  pRb  phosphorylation  provides  further 
evidence  of  inhibition  of  these  cdks. 

Increased  Levels  in  Senescent  Prostatic  Cells.  The 

levels  of  cdk  inhibitors,  cyclins.  and  cdks  associated  with  the  G,-S 
transition  were  assayed  as  HPECs  progressed  from  early  passage 
toward  senescence  (Fig.  3A).  Western  analysis  revealed  no  change  in 
cyclin  El  or  cyclin  Dl  levels  during  the  aging  of  prostatic  epithelial 
cell  populations.  Cyclin  A  levels  gradually  decreased,  consistent  with 
the  gradual  recruitment  of  cells  into  G,  arrest  at  senescence.  The 
decrease  in  cyclin  A  levels  was  likely  the  consequence  of  decrea.sed 
cyclin  El-  and  cyclin  Dl-associated  kinase  activities,  resulting  in 
reduced  E2F-mediated  transcription  of  cyclin  A.  The  cdk4  and  6 
levels  remained  unchanged.  The  loss  of  cdk2  protein  with  increasing 
population  doublings  was  largely  due  to  loss  of  the  CAK-activated. 
Thr-l60  phosphoform  (faster  migrating  cdk2  band). 

The  levels  of  the  KIP  and  INK  inhibitors  were  also  analyzed  in 
asynchronous  pro.static  epithelial  c/lls  at  increasing  population  dou¬ 
blings  and  at  senescence.  There  wps  a  steady  decrease  in  the  protein 
levels  of  p2l‘^"’'  and  p27'^"’'.  expression  was  not  detected 

(data  not  shown),  and  pi levels  remained  unchanged,  whereas 
pl^iNK4A  jgygjj  steadily  increased,  reaching  maximal  levels  of  ex¬ 
pression  in  senescent  cells.  In  addition,  longer  exposures  of  the  pl6 
immunoblots  revealed  the  presence  of  two  additional  pi  6-reactive 
bands  of  decreased  mobility  on  SDS-PAGE  (Fig.  3B).  TTiese  slower 
mobility  bands  were  detected  using  two  different  anti-pl6  antibodies 
(the  JC-6  monoclonal  and  the  Santa  Cruz  polyclonal).  The  abundance 
of  these  two  novel  pl6-related  bands  increased  with  increasing  pop¬ 
ulation  doublings. 

KIP  Binding  to  Cyclin  £-cdk2  Did  Not  Increase  in  Senescent 
HPECs.  The  composition  of  cyclin  El  -cdk2  complexes  showed  no 
apparent  change  during  the  progression  of  HPECs  toward  senescence 
(Fig.  4A).  The  amount  of  cdk2  bound  to  cyclin  El  was  not  reduced. 
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Cdk  Activities  Decreased  Progressively  with  Increasing  Pas¬ 
sage.  The  kinase  activities  in  cyclin  El,  cyclin  A,  and  cdk4  immune 
complexes  from  cell  populations  of  increasing  passage  were  assayed 
using  either  histone  HI  (cyclins  A  and  E)  or  a  pRb  fragment  (cdk4)  as 
substrates.  Results  are  shown  in  Fig.  2.  The  activities  of  cyclin  El¬ 
and  cyclin  A-associated  kinases  and  of  cdk4  decreased  steadily  as 


Fig.  3.  Steady-slate  levels  of  G|-S-assbciated  cell  cycle  regulators  during  the  aging  of 
the  prostatic  epithelial  cell  population.  A.  lysates  were  collected  from  prostatic  epithelial 
cells  between  early  passage  (passage  /)  and  senescence  (passage  4).  Cell  lysates  from  the 
indicated  passage  numbers  were  resolved  by  SDS-PAGE  and  immunoblotted  with  the 
indicated  antibodies.  B.  longer  exposure  of  pl6  immunoblot  from  A.  eye,  cyclin. 
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precipitated  from  senescent  cellular  extract  (Fig.  5.  Lane  1)  and 
treated  with  PAP  (Fig.  5,  Lane  2):  immunoblots  were  reacted  with  pl6 
antibodies.  PAP  treatment  of  the  immunoprecipitates  from  senescent 
cells  resulted  in  the  loss  of  the  upper  two  pl6  bands  visible  on  long 
exposures  and  the  formation  of  two  bands  of  increased  mobility  (data 
for  senescent  cells  shown  in  Fig.  5,  middle  and  bottom  panels).  Thus, 
the  slower  mobility  forms  of  pi 6,  whose  association  with  both  cdk4 
and  cdk6  complexes  increased  in  senescent  HPECs,  represented  novel 
phosphoforms  of  pl6.  These  delayed  mobility  pl6  phosphoforms 
were  not  detected,  even  with  prolonged  exposure  in  the  early  passage 
HPECs.  It  is  notable  that  the  dominant,  faster  mobility  pi 6  band, 
detected  in  both  early  passage  and  senescent  cells,  also  shifted  to  two 
faster  mobility  bands  when  the  phosphatase  reaction  went  to  comple¬ 
tion.  indicating  that  this  dominant  band  also  represents  phosphoiyl- 
ated  pl6  (Fig.  5).  There  was  no  loss  of  any  of  the  pl6  reactive  bands 
when  PAP  was  preincubated  with  phosphatase  inhibitors  (Fg.  S.  Lane 
3).  The  formation  of  two  pi6-reactive  bands  of  increased  mobility 
after  PAP  treatment  suggested  that  all  of  the  cellular  pl6  is  phospho- 
rylated,  but  the  pattern  of  expression  of  the  different  phosphoforms 
differed  between  early  passage  and  senescent  cells. 

2D  lEF  of  pl6  in  cdk6  immunoprecipitates  with  and  without  PAP 
confirmed  the  existence  of  multiple  pl6  phosphoforms  (Fg.  6).  In 
early  passage  cells,  the  solitary  band  of  pl6  seen  on  one-dimensional 
Western  blots  (Fig.  4)  resolved  on  2D  lEF  as  two  forms  of  pi 6,  which 
focused  to  a  pH  between  5  and  6  (Fig.  6,  arrowhead  3).  In  senescent 
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Fig.  4.  Cyclin/cdk  inhibitor  complexe.'s  in  prosiaiic  epiihelial  ceils  from  early  passage 
to  senescence.  Cyclin  (A)  or  cdk  (0  and  O  immunoprecipiiations  were  carried  out  as 
described  in  "Maierial  and  Methods."  Complexes  from  the  indicated  passages  were 
resolved  and  immunoblotted  for  associated  cdk.  cyclin.  and  cdk  inhibitors.  A.  cyclin  El 
(eye  St)  binding  to  cdk2  and  cdk  inhibitors  p2l  and  p27.  S.  cdk4  binding  to  cyclin  OI 
(eye  O/)  and  cdk  inhibitors  pi 6.  pl9.  p2l.  andp27.  C.  cdk6  binding  to  cyclin  O I  (eye  Dl) 
and  cdk  inhibitors  pl6.  pl9.  p2l.  and  p27. 


Furthermore,  the  proportion  of  Thr-160  phosphoryiated  cdk2  bound  to 
cyclin  El  remained  constant.  The  revels  of  cyclin  El -associated  p21 
and  p27  remained  constant.  Thusl  the  inhibition  of  cyclin  El-cdk2 
activity  could  not  be  attributed  to'  increased  KIP  binding  or  to  a  lack 
of  activating  phosphorylation  at  the  Thr-160  residue  of  cdk2. 

pl6  Accumulated  in  cdk4  and  cdk6  Complexes  as  HPECs 
Approached  Senescence.  As  total  pi levels  increased  during 
'he  aging  of  the  HPEC  population,  the  association  of  plb"^'^'*''  with 
.dk4  and  cdk6  complexes  also  increased  (Fig.  4.  B  and  O.  Although 
there  was  no  increase  in  the  faster  mobility  band  of  pl6  in  cdk4  and 
cdk6  complexes  (Fg.  4,  B  and  C,  short  e.xposure),  longer  exposures  of 
the  cdk-associated  pl6  immunoblots  (Fig.  4.  B  and  C.  long  exposure) 
again  revealed  the  existence  of  two  delayed  mobility  bands  that 
cross-reacted  with  pl6-specific  antibodies.  The  association  of  these 
two  bands  with  cdk4  and  cdk6  complexes  steadily  increased  with  later 
cell  passages.  Densitometry  showed  that  association  of  the  slower 
migrating  forms  of  pl6  increased  by  2-fold  in  cdk6  complexes  and  by 
1-  :-fold  in  cdk4  complexes  between  passage  2  and  senescence.  The 
accumulation  of  these  slower  mobility  pl6  bands  in  cdk4  and  cdk6 
complexes  was  correlated  with  a  decrease  in  the  binding  of  cyclin  Dl, 
p27,  p21,  and  pi 9.  None  of  the  anti-p  16-reactive  bands  were  cross- 
reactive  with  pl8  or  pl9  antibodies. 

Altered  Phosphorylation  of  pl6  in  Senescent  Prostatic  Epithe¬ 
lial  Cells.  To  determine  whether  the  novel  bands  of  delayed  mobility 
Were  different  phosphoforms  of  p  1 6,  cdk6  complexes  were  immuno- 
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Fig.  3.  pl6  phi»phi>rylalion  in  .scnc.sccni  culls.  Cdkb  complexes  from  early  passage  anJ 
senescent  cellular  extraefs  were  immunoprccipitaled  and  treated  with  PAP  in  the  presence 
or  absence  of  (I-glyccrophosphate  {inhihiiori.  Complexes  were  then  resolved  and  immu- 
noblottcd  for  pl6.  i-.  present;  -.absent. 
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Rg.  6.  2D  lEF  of  cdk6-associated  pl6.  Cdk6  complexes  from  early  passage  and 
senescent  extracts  were  immunoprecipitated  and  treated  (or  not)  with  PAP  as  indicated. 
Complexes  were  resolved  in  the  first  dimension  by  lEF  and  in  the  second  dimension  by 
SDS-PAGE.  Gels  were  transferred  and  pt6  was  immunoblotted.  Arrowhetui  1.  isoform  I. 
found  in  senescent  cells,  which  showed  delayed  mobility  on  SDS-PAGE;  arrowhead  2. 
isoform  2,  found  in  senescent  cells,  which  showed  delayed  mobility  on  SDS-PAGE: 
arrowhead  J,  two  forms  of  pi  6.  found  in  early  passage  and  senescent  cells,  which  focused 
to  a  pH  between  5  and  6. 
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cells,  in.addition  to  the  two  forms  of  pl6  observed  in  early  passage 
’  cells,  two  additional  pl6  isoforms  (Fig.  6,  arrowheads  I  and  2)  were 
present.  These  two  isoforms  shpwed  a  delayed  mobility  on  SDS- 
PAGE  (the  second  dimension)  and  focused  just  below  pH  6.0.  The 
relative  mobilities  of  isoforms  1  and  2  in  the  second  dimension  with 
respect  to  the  predominant  forms  of  pi 6  was  consistent  with  these 
being  the  two  minor  p  16  bands  of  delayed  mobility  that  were  observed 
in  senescent  cells  in  one-dimensional  Western  blots  in  Fig.  4. 

With  PAP  treatment  prior  to  resolution  on  2D  lEF.  all  of  the  pl6 
isoforms  focusing  between  pH  3.0  and  6.0  were  lost.  Phosphatase- 
treated  pi 6  focused  at  a  higher  isoelectric  point,  at  approxirhately  pH 
6.8.  and  had  increased  mobility  in  the  second  dimension.  These  results 
confirm  the  results  in  Fig.  3  and  indicate  that  all  three  pi 6  bands 
detected  on  Western  blotting  represent  pl6  phosphoforms.  The  pattern 
differs  between  early  passage  and  senescence,  with  isoforms  I  and  2 
increasing  as  cells  approach  and  enter  senescence. 

DISCUSSION 

The  senescence  checkpoint  limits  the  proliferative  capacity  of  cells 
in  a  tissue  culture  environment.  Processes  analogous  to  the  senescence 
checkpoint  observed  in  cultured  cells  are  thought  to  limit  cellular 
proliferation  in  vivo.  A  number  of  observations  have  suggested  that 
senese^ihce  occurs  within  the  organism  in  vivo.  The  proliferative 
capacity'  of  cells  with  a  finite  life  span  in  culture  is  inversely  related 
to  the  donor's  age  (3).  The  number  of  population  doublings  that 
fibroblasts  undergo  in  culture  is  related  to  the  longevity  of  the  donor 
species  (4).  The  limit  imposed  by  senescence  on  the  proliferative 
capacity  of  cells  has  raised  the  hypothesis  that  cellular  senescence 
may  indeed  represent  a  natural  impe^ment  to  malignant  degeneration. 
To  date,  most  studies  investigating  senescence  have  used  human 
fibroblasts  and  rodent  cells.  Because  the  incidence  of  malignancies 
arising  from  fibroblasts  such  as  sarcomas  is  relatively  rare  in  humans, 
we  examined  the  senescence  phenomenon  in  epithelial  cells,  which 
undergo  malignant  transformation  more  frequently  than  fibroblasts. 
Our  investigation  of  senescence  arrest  in  HPECs  and  in  human  mam¬ 
mary  epithelial  cells^  demonstrates  that  epithelial  cells  differ  from 
fibroblasts  in  the  manner  whereby  cdk  inhibition  occurs  at  senescence; 

The  identification  of  key  inhibitorfs)  of  jiell  cycle  progression  at 
senescence  could  potentially  indicate  a  critical  regulator  whose  ex¬ 
pression  or  activity  would  need  to  be  down-regulated  for  tumor 
progression  to  proceed.  Investigations  of  senescence  in  fibroblasts 
suggest  important  roles  for  p21  and  pl6.  Here  we  have  demonstrated 
an  increase  in  pl6  and  the  appearance  of  novel  phosphorylated  forms 
of  pl6  that  bind  and  inhibit  cdk4  and  cdk6  activity  in  senescent 
HPECs. 

The  prostatic  epithelial  cell  cultures  used  in  this  study  moved  from 
a  proliferatively  active  state  to  a  senescent  state  within  six  passages  or 
—30  population  doublings.  Senescent  HPECs  showed  predominantly 
2N  DNA.  A  small  proportion  of  cells  had  4N  DNA  at  senescence.  We 
and  others  have  observed  an  increase  in  tetraploidy  as  cultured  cells 
approach  senescence^  (44).  Thus,  cells  with  4N  DNA  are  most  likely 
tetraploid  cells  arrested  prior  to  S  phase  entrance  at  the  senescence 
checkpoint,  as  opposed  to  cells  arrested  at  the  Gj-M  transition.  The 
catalytic  activity  of  the  cdks  associated  with  the  G,-S  transition 
underwent  a  steady  decrease  from  early  passage  to  senescence.  The 
steady  loss  of  kinase  activity  implies  that  the  entry  of  cells  into 
senescence  does  not  occur  in  a  synchronized  manner.  Rather,  there 
appears  to  be  some  heterogeneity  with  regard  to  the  passage  at  which 


epithelial  cells  enter  senescence.  Early  studies  of  senescence  identi¬ 
fied  this  phenomenon  by  the  progressive  reduction  of  tritiated  thymi¬ 
dine  incorporation  that  occurred  during  the  serial  passaging  of  fibro¬ 
blasts  (43).  The  established  relationship  between  telomere  length  and 
the  proliferative  capacity  of  cells  suggests  that  variations  in  telomere 
length  within  a  population  of  cells  may  account  for  the  apparently 
stochastic  manner  whereby  cells  enter  senescence  (46).  The  hetero¬ 
geneity  in  telomere  length  may  reflect  variations  in  the  proliferation  of 
epithelial  stem  cell  populations  in  vivo. 

To  investigate  the  cause  of  cdk  inhibition  in  senescent  HPECs.  we 
examined  the  steady-state  levels  of  G,-S-associated  cell  cycle  regu¬ 
lators.  Of  the  cyclins  examined,  only  cyclin  A  diminished  with  in¬ 
creasing  passage,  accounting  for  the  corresponding  loss  of  cyclin 
A-associated  kinase  activity.  The  loss  of  cyclin  A  in  senescent  HPECs 
is  likely  a  consequence  of  the  cells  arresting  at  a  point  within  the  cell 
cycle  prior  to  cyclin  A  induction.  Studies  in  human  fibroblasts  have 
shown  that  entrance  into  senescence  is  similarly  associated  with  a  loss 
of  cyclin  A  (47).  However,  in  senescent  fibroblasts  there  is  a  signif¬ 
icant  increase  in  the  expression  of  cyclins  D1  and  El  (48,  49).  The 
levels  of  cdk4  and  cdk6  were  unaffected  by  increasing  passage  in 
HPECs.  whereas  loss  of  cdk2  was  largely  due  to  loss  of  the  Thr-160 
phosphorylated  form  of  cdk2.  Fibroblasts  have  a  similar  loss  of  the 
Thr-160  fonn  of  cdk2  during  sedescence  (48,  30),  and  in  addition, 
studies  of  fibroblast  senescence/have  revealed  a  reduction  in  cdk4 
levels  (49).  Thus,  it  appears  that  the  regulation  of  both  cyclin  and  cdk 
expression  differs  between  senescent  fibroblasts  and  prostatic  epithe¬ 
lial  cells. 

In  contrast  to  reports  in  cells  of  fibroblastic  and  melanocytic  line¬ 
age,  the  steady-state  levels  of  both  p21  and  p27  proteins  decreased  as 
HPECs  moved  toward  senescence  (22,  27,  51).  Furthermore,  there 
was  no  increase  in  the  binding  of  p21  and  p27  to  cyclin  El-associated 
complexes  in  senescent  HPEC  extracts.  These  KIP  molecules  were 
also  lost  from  cdk4  and  cdk6  complexes  during  the  progression 
toward  senescence.  These  results  contrast  with  previous  findings  in 
senescent  human  fibroblasts  and  keratinocytes,  where  p21  was  shown 
to  be  induced  at  senescence  and  its  binding  to  G,-S-associated  cdks 
was  increased  (28,  31,  32).  Our  findings  in  senescent  HPECs  and 
human  mammary  epithelial  cells,^  indicate  that  p21  does  not  appear  to 
mediate  cdk  inhibition  in  all  senescent  epithelial  cells.  The  lack  of  p21 
induction  in  senescent  prostatic  and  mammary  epithelial  cells  may 
represent  a  fundamental  difference  between  these  epithelial  cell  types 
and  keratinocytes  and  fibroblasts  at  senescence. 

Investigations  of  senescence  in  fibroblasts,  lymphocytes,  and  uro- 
epithelial  cells  have  implicated  pl6  in  the  inhibition  of  cyclin  Dl- 
dependent  kinases  (22, 26, 33).  The  high  incidence  of  pJ6  inactivation 
in  prostatic  mmors  suggests  that  pi  6  may  play  a  role  in  arresting 
HPECs  at  senescence  both  in  vivo  and  in  vitro  (29,  33).  The  present 
study  and  the  recent  report  of  Jarrard  et  al.  (34)  establish  that  there  is 
an  increase  in  pi 6  levels  in  senescent  prostatic  epithelial  cells.  Im¬ 
mortal  HPEC  derivatives,  generated  by  the  introduction  of  human 
papilloma  virus  E6  and/or  E7,  were  associated  with  a  loss  of  pl6  or 
pRb  expression  (34).  We  have  identified  two  novel  pl6-related  bands 
of  delayed  mobility  that  accumulate  in  senescent  HPECs.  Resolution 
on  both  one-dimensional  gels  and  by  2D  lEF  after  treatment  with  PAP 
demonstrates  that  the  two  novel  pl6  bands  of  delayed  mobility  ob¬ 
served  in  one-dimensional  Western  blots  were  pl6  phosphoforms.  In 
both  early  and  late  passage  cell  extracts,  PAP  treatment  also  shifted 
the  most  abundant  (faster  mobility)  pl6  band  on  the  one-dimensional 
Western  blots,  suggesting  that  all  detectable  pl6  is  phosphorylated. 
The  failure  of  pl6  to  resolve  into  a  single  band  after  prolonged  PAP 
treatment  may  be  a  consequence  of  phosphorylation  at  sites  on  pl6 
that  are  not  recognized  efficiently  by  PAP,  or  alternatively,  a  fraction 


■*  C.  Sandhu,  J.  Donovan.  N.  Bhanacharya.  M.  Slampfer,  P.  Worland,  and  J.  Slinger- 
land.  Loss  of  cdc25A  conDibuies  to  cyclin  EI/cdk2  inhibition  at  senescence  in  human 
mammary  epithelial  cells,  submitted  for  publication. 

2620 


plsmWA  mEDUTES  cdk4  INHIBmON  IN 

of  the  cellular  p  16  may  undergo  other  posttranslational  modifications, 
such  as  glycosylation,  that  serve  to  alter  its  gel  mobility. 

’  PA^  treatment  and  2D  lEF  confirmed  the  existence  of  different  pl6 
phosphorylation  patterns  in  early  passage  and  senescent  HPECs.  The 
'  dominant  pi 6  band  seen  on  iitununoblots  from  both  early  passage  and 
senescent  cdk6  immune  complexes  was  composed  of  two  pl6  iso¬ 
forms.  Two  additional  pl6  isoforms  of  delayed  mobility  consistently 
appeared  in  senescent  ceils,  suggesting  that  pl6  undergoes  senes¬ 
cence-specific  posttranslational  modifications.  These  senescent- 
specific  isoforms  (Rg.  6,  arrowheads  I  and  2)  of  pl6  focused  at  a 
slightly  higher  pH,  and  thus  represent  pl6  isoforms  with  a  lower  of 
level  of  phosphorylation  when  compared  with  the  two  dominant 
isoforms  of  pl6  (Fig.  6,  arrowhead  3).  After  PAP  treatment,  all  of  the 
pl6  isoforms  focused  at  a  higher  pH.  These  results  are  consistent  with 
the  interpretation  that  all  of  the  detected  pl6  is  phosphorylated  but 
that  novel  phosphoforms  appear  in  senescent  cells. 

The  increased  expression  of  pl6  translated  into  an  increased  asso¬ 
ciation  of  pl6  with  cdk4  and  cdk6  complexes  in  senescent  HPECs.  In 
senescent  HPECs,  as  in  other  forms  of  G,  arrest,  the  accumulation  of 
this  INK4  molecule  in  target  kinases  was  associated  with  loss  of 
cyclin  D1  and  KIP  binding  (SS,  56).  However,  only  the  senescence- 
specific  phosphoforms  of  pl6  showed  an  increased  binding  to  cdk 
complexes.  Hie  accumulation  of  these  novel  pl6  phosphoforms  in 
cdk4  and  cdk6  complexes  suggests  a  senescence-activated  mechanism 
of  postt^slational  modification  of  pl6  contributing  to  kinase  inhi¬ 
bition  and  senescence  arrest  in  HPECs. 

Phosphorylation  of  pl6  may  represent  an  important  mechanism  of 
pi6  regulation.  pl6  phosphorylation  may  regulate  either  the  affinity 
for  cdk4  and  cdk6  and/or  the  localization  of  pl6  within  the  cell. 
Phosphorylation  of  p27  functions  to  regulate  the  stability  of  the 
protein  and  its  affinity  for  cdk  complexes  (57-59).  It  is  tempting  to 
postulate  that  phosphorylation  of  specific  sites  on  pl6  in  senescent 
HPECs  facilitates  the  binding  of  p  16  to  target  cdk  complexes  and 
contributes  thereby  to  G,  arrest  in  senescence.  The  identification  of 
these  phosphorylation  sites  and  the  pathways  that  influence  phospho¬ 
rylation  of  pl6  would  aid  in  the  understanding  of  the  regulation  of  the 
INK  family  of  inhibitors  and  elucidate  further  the  pathways  regulating 
pl6  inhibitbry  activity. 
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ABSTRACT 


Purpose:  The  objective  of  this  study  was  to  investigate  growth-inhibitoiy  and  apoptotic  activity 
of  the  experimental  antitumor  drug,  brefeldin  A  (BFA),  on  primary  cultures  of  human  epithelial 
cells  derived  from  prostatic  adenocarcinomas. 

Materials  and  Methods:  Clonal  assays  were  performed  to  evaluate  the  effects  of  BFA  on  growth 
of  prostatic  cancer  cell  strains.  Loss  of  cell  viability  in  response  to  BFA  was  assessed  by  tiypan 
blue  exclusion.  Induction  of  apoptosis  by  BFA  was  evaluated  by  morphologic  criteria,  electro¬ 
phoretic  assay  of  DNA  fragmentation,  and  a  cell  death  ELISA.  Immunoblots  were  used  to 
monitor  p53  and  pRB  expression  in  response  to  BFA. 

Results:  BFA  was  growth-inhibitory  at  a  half-maximal  concentration  of  5  ng./ml.  (18  nM). 
Morphological  manifestations  of  apoptosis  were  evident  by  24  hours  of  treatment.  Cell  viability 
declined  and  the  cell  death  ELISA  indicated  an  18-fold  increase  in  apoptosis  in  BFA-treated 
versus  untreated  cells  at  48  hours.  DNA  fragmentation  was  also  seen  at  48  hours.  Levels  of  p53 
were  not  altered  by  BFA,  but  pRB  was  maintained  in  a  hypophosphorylated  state  by  BFA 
treatment. 

Conclusions:  BFA  is  a  potent  inducer  of  apoptosis  in  prostatic  cancer  cells  via  a  p53- 
independent  mechanism.  Cells  derived  from  low-grade  as  well  as  high-grade  cancers  responded 
similarly  to  BFA.  Since  p53-mediated  pathways  of  apoptosis  may  frequently  be  abrogated  in 
prostatic  cancer  cells,  agents  such  as  BFA  that  induce  p53-independent  cell  death  may  be 
promising  candidates  for  chemotherapeutic  agents. 

Key  Words;  prostate  cancer,  p53,  apoptosis,  chemotherapy,  brefeldin  A 


In  1999,  it  was  estimated  that  179,300  men  would  be 
diagnosed  with  cancer  of  the  prostate,  and  that  37,000  men 
would  die  from  the  disease.^  For  cancers  not  entirely  confined 
to  the  prostate,  there  are  few  options  for  longterm  control  of 
the  disease.  Despite  investigations  of  the  roles  of  known 
oncogenes  and  tumor  suppressor  genes,  no  unifying  explana¬ 
tion  of  the  molecular  events  involved  in  prostate  cancer  ini¬ 
tiation  and  progression  has  been  found,  and  therefore  a  mo¬ 
lecular  target  for  therapy  remains  elusive. 

Recent  advances  in  the  understanding  of  apoptotic  (pro¬ 
grammed  cell  death)  pathways  have  led  to  investigations  of 
molecular  promoters  and  inhibitors  of  apoptosis  in  the  pros¬ 
tate.  Cell  growth  and  death  are  likely  mediated  by  the  bsil- 
ance  of  promoters  of  apoptosis  (such  as  fas,  bax,  bad,  bcl-xs 
and  others)  and  inhibitors  of  the  process  (bcl-2,  bcl-xl,  jun, 
abl,  mdm-2).^  These  factors  exert  their  cumulative  effects  in 
part  by  modulating  the  activity  of  regulators  of  the  cell  cycle, 
such  as  p53  and  pRB. 

The  p53  tumor  suppressor  gene  product  possesses  the  abil¬ 
ity  to  stop  a  cell  from  proceeding  through  the  cell  cycle  to 
mitosis  in  response  to  DNA  damage,  until  the  damage  is 
repaired.®  If  repair  is  ineffective,  p53  may  direct  the  cell  to 
undergo  apoptosis.  We  have  found  that  these  functions  of  p53 
appear  to  be  attenuated  in  normal  prostatic  epithelial  cells  or 
in  cells  derived  from  prostatic  adenocarcinomas,  despite  the 
presence  of  the  wild-type  p53  gene.^  In  response  to  numerous 
DNA-damaging  agents  or  events  (chemicals,  irradiation,  or 
hypoxia),  primary  cultures  of  prostatic  epithelial  cells  do  not 
induce  p53  or  undergo  cell-cycle  arrest  in  or  undergo 
apoptosis.  Many  standard  chemotherapeutic  drugs  exert 

Accepted  for  publication  March  24,  2000. 

*  Requests  for  reprints;  Department  of  Urology,  Stanford  Medical 
Center,  Stanford,  CA  94305-5118. 

Supported  by  Department  of  the  Army  Grant  DAMD  17-99-1-9004. 


their  effects  by  activating  a  p53-dependent  pathway  of  apo¬ 
ptosis.®’®  The  apparent  absence  of  this  pathway  in  prostatic 
epithelial  cells,  even  in  those  with  wild-t3T)e  p53,  may  explain 
why  these  therapies  are  ineffective  for  the  treatment  of  pros¬ 
tate  cancer.  Prostate  cancer  cells  with  mutant  p53,  which 
occurs  fairly  frequently  in  advanced  disease,’^  would  also  be 
imresponsive  to  agents  that  require  p53  for  activity. 

For  this  reason,  it  would  be  desirable  to  identify  agents 
which  exploit  p53-independent  pathways  of  apoptosis  in 
prostate  cancer  cells.  A  large  in  vitro  drug  screen  conducted 
under  the  auspices  of  the  National  Cancer  Institute  (NCI) 
identified  brefeldin  A  (BFA)  as  am  agent  which  markedly 
inhibited  growth  of  primary  cultures  of  epithelial  cells  grown 
from  prostatic  adenocarcinomas.®  BFA  showed  some  specific¬ 
ity  for  prostate  cancer  cells,  with  the  half-maximal  inhibitory 
dose  for  prostate  cells  about  10-  to  100-fold  lower  than  for  a 
panel  of  cell  lines  derived  from  eight  other  types  of  malig¬ 
nancies. 

BFA,  a  fungal  macrolytic  lactone,  acts  to  inhibit  intracel¬ 
lular  transport  by  disrupting  the  vesicular  coating  process, 
thereby  preventing  transport  of  proteins  from  the  endoplas¬ 
mic  reticulum  to  the  Golgi  and  causing  disintegration  of  the 
Golgi  complex.®'  Because  of  this  property,  BFA  has  been 
extensively  used  as  a  tool  to  study  mechanisms  of  protein 
secretion.  Effects  of  BFA,  though,  are  seemingly  not  limited 
to  those  on  the  Golgi  apparatus.  BFA  has  been  shown  to 
cause  apoptosis  in  diverse  human  cancer  cell  lines,  including 
those  derived  from  leukemia,  colon  and  prostate  cancer.^^"^® 
The  mechanism  by  which  BFA  induces  apoptosis  has  not  yet 
been  elucidated,  but  the  process  appears  to  be  p53- 
independent. 

The  purpose  of  our  study  was  to  establish  and  elucidate 
possible  growth-inhibitory  mechanisms,  including  apoptosis, 
of  BFA  on  primary  cultures  of  prostatic  cell  strains  derived 
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frdm  adenocarcinomas  of  the  prostate.  Our  results  show  that 
BFA  induced  apoptosis  by  a  p53-independent  pathway  and 
caused  a  shift  in  the  phosphorylation  state  of  pRB.  Our 
results  support  the  potential  of  BFA  as  a  chemotherapeutic 
agent  against  prostate  cancer. 

MATERIALS  AND  METHODS 

Cell  culture.  Tissue  samples  were  dissected  from  radical 
prostatectomy  specimens.  None  of  the  patients  had  received 
prior  chemical,  hormonal  or  radiation  therapy.  Histological 
assessment  was  performed  by  Dr.  John  McNeal  as  previously 
described.^®  Epithelial  cells  were  cultured  and  characterized 
as  described  previously.  Four  cell  strains  used  in  this  study 
were  derived  from  tumors  of  Gleason  grade  3+4  (E-CA-2), 
4+3  (E-CA-1,  E-CA-4),  and  5+5  (E-CA-3).  An  additional  cell 
strain  (E-PZ-5)  was  derived  from  histologically  normal  tissue 
with  no  evidence  of  cancer.  Both  p53  and  pRB  genes  in  these 
cell  strains  were  wild-type. 

Clonal  growth  assays.  Secondary  passaged  cells  were 
grown  to  about  50%  confluency,  then  were  harvested  by 
trypsinization.  Clonal  growth  assays  were  initiated  by  inoc¬ 
ulating  200  or  500  cells  into  each  60-mm.  collagen-coated 
dish^^  containing  5  ml.  of  medium.  Growth  medium  was 
MCDB  105  (Sigma,  St.  Louis,  MO)  supplemented  with  10 
ng./ml.  of  cholera  toxin,  10  ng./ml.  of  epidermal  growth  factor, 
10  /j,g./ml.  of  bovine  pituitary  extract,  4  /j,g./ml.  of  insulin,  1 
/Lig./ml.  of  hydrocortisone,  0.1  mM  phosphoethanolamine,  30 
nM  selenium,  0.03  nM  all-trans  retinoic  acid,  2.3  /xM 
a-tocopherol  and  100  p,g./ml.  gentamicin.  The  sources  and 
preparation  of  these  supplements  were  previously  de¬ 
scribed.^'’’ 

A  stock  solution  of  1  mg./ml.  (3.6  mM)  of  BFA  (Sigma)  was 
prepared  in  100%  ethanol  and  stored  at  -20C.  Dilutions 
were  made  in  media  and  the  ethanol  concentration  was  kept 
constant  at  0.01%  in  control  and  experimental  media.  After 
incubation  in  a  humidified  atmosphere  of  5%  00^/95%  air  at 
37C  for  10  days  without  feeding,  the  cells  were  fixed  in  10% 
formalin  and  stained  with  crystal  violet. An  Artek  image 
analyzer  (D3matech,  Chantilly,  VA)  was  used  to  measure  the 
total  area  of  each  dish  covered  by  cells,  which  is  directly 
proportional  to  cell  number.^®  Triplicate  dishes  were  tested 
for  each  control  and  experimental  variable,  and  each  exper¬ 
iment  was  performed  twice.  The  Student’s  t  test  was  used  to 
evaluate  significance. 

Cell  viability.  Loss  of  cell  viability  was  assessed  by  the 
tr3Tjan  blue  exclusion  method.  Cells  treated  with  or  without 
BFA  were  harvested  by  trypsinization.  After  incubation  in 
0.04%  trs^an  blue  (Sigma)  for  4  minutes,  cells  were  counted 
under  a  hemocytometer.  The  number  of  cells  which  retained 
the  dye  (nonviable)  and  the  total  cell  number  were  noted. 

Detection  of  apoptosis.  Induction  of  apoptosis  by  BFA  was 
evaluated  by  two  methods.  In  the  first  assay,  DNA  laddering 
was  monitored.  Cells  were  treated  with  or  without  BFA  and 
DNA  was  extracted  at  0,  8,  24  and  48  hours.  Briefly,  10® 
cells  were  collected  at  each  time  point  and  pelleted  in  an 
Eppendorf  tube.  The  cell  pellet  was  suspended  in  1  ml.  of 
0.02%  EDTA  in  buffered  saline,  then  the  cells  were  pelleted 
again.  TE  lysis  buffer  (0.25%  NP-40  in  TE  buffer,  pH  8.0)  (35 
pL)  and  Rnase  A  (10  pL  of  a  10  mg./ml.  stock)  were  added  to 
each  tube  and  the  cells  were  suspended  by  gentle  vortexing. 
After  incubation  at  37C  for  20  minutes,  5  pL  of  proteinase  K 
(from  a  20  mg./ml.  stock  solution)  were  added  to  each  tube. 
Following  incubation  for  20  minutes  at  37C,  aliquots  of  25  pL 
each  were  mixed  with  loading  buffer  and  analyzed  by  elec¬ 
trophoresis  on  a  1.8%  agarose  gel  run  at  40  V  for  4  hours. 
DNA  was  visualized  by  staining  with  ethidium  bromide  and 
photographed  under  UV  light. 

Apoptosis  was  also  evaluated  with  a  cell  death  ELISA  kit 
(Boehringer  Mannheim,  Indianapolis,  IN)  which  utilizes  a 
monoclonal  antibody  against  histone  to  detect  DNA  frag¬ 


ments  in  the  cytosolic  fraction  of  lysed  cells.  Cells  treated 
with  or  without  BFA  were  harvested  and  lysed  according  to 
the  manufacturer’s  instructions.  The  samples  were  trans¬ 
ferred  into  96-well  dishes  coated  with  a  mouse  monoclonal 
antibody  against  histone.  After  incubation  and  washing, 
anti-DNA-peroxidase  was  added  to  the  wells.  The  reaction 
was  developed  with  substrate  supplied  by  the  manufacturer 
and  the  absorbance  of  the  wells  was  read  at  410  nm.  The 
ratio  of  the  absorbance  of  the  treated  cells  to  the  untreated 
cells  was  calculated  as  an  enrichment  factor,  which  provides 
a  qualitative  assessment  of  apoptosis. 

Immunoblot  analysis.  Cells  were  grown  to  approximately 
50%  confluency.  At  time  0,  cells  were  fed  media  containing  0 
or  25  ng./ml.  of  BFA.  At  times  0,  3,  6,  24,  and  48  hours  after 
treatment,  cell  lysates  were  prepared  by  collecting 
trsqisinized  cells  and  solubilizing  in  lysis  buffer  (0.1  M  Tris- 
HCL,  pH  6.8,  1%  SDS,  5%  glycerol,  0.005%  bromophenol 
blue,  0.005%  p3nronine  Y  and  1%  ]3-mercaptoethanol).  Ali¬ 
quots  of  20  ph  containing  lysate  derived  from  50,000  cells 
were  loaded  into  each  lane  of  a  polyacrylamide-sodium  dode- 
cyl  sulfate  (PAGE-SDS)  gel  with  a  4.6%  stacking  gel  and  a 
10%  running  gel. 

After  separation  of  proteins  by  electrophoresis,  the  sam¬ 
ples  were  transferred  out  of  the  gel  onto  nitrocellulose  mem¬ 
brane,  using  a  Transblot  apparatus  run  at  1.5  mA  for  90 
minutes.  Membranes  were  blocked  overnight  with  10%  horse 
serum,  then  incubated  with  primary  antibodies  against  p53 
(Pharmingen,  San  Diego,  CA;  clone  DO-1,  used  at  1:100)  or 
pRB  (Pharmingen,  clone  G3-245,  used  at  1:1000).  Boimd 
antibodies  were  detected  using  biotinylated  secondary  anti¬ 
body  (Vector  Laboratories,  Burlingame,  CA,  at  1:4000)  and 
the  ABC  reagent  (Vector  Laboratories).  TMB  membrane  re¬ 
agent  (Amresco,  Solon,  OH)  was  used  to  develop  the  color 
reaction. 


RESULTS 

Effect  of  BFA  on  cell  growth.  Clonal  assays  were  used  to 
evaluate  the  effect  of  BFA  on  growth  of  prostatic  cancer  cells. 
BFA  was  first  tested  at  concentrations  ranging  from  0.1  to 
100  ng./ml.  and  total  growth  after  10  days  was  compared 
with  growth  in  the  absence  of  BFA.  Figure  1  shows  the 
marked  decrease  in  growth  which  occurred  at  concentrations 
of  BFA  between  1  and  10  ng./ml.  At  1  ng./ml.,  growth  was 
almost  100%  of  control,  whereas  with  10  ng./ml.,  growth 
dramatically  declined  to  20%  of  control.  This  pattern  of  inhi¬ 
bition  was  seen  with  all  four  cancer  cell  strains  that  were 
tested,  as  well  as  with  one  cell  strain  derived  from  normal 
tissue. 

To  more  precisely  determine  the  concentration  of  BFA 
which  half-maximally  inhibited  clonal  growth,  the  cancer  cell 
strain  E-CA-4  was  tested  in  a  clonal  assay  with  a  narrow 
range  of  BFA  concentrations.  In  this  assay,  half-maximal 
growth  inhibition  was  observed  at  5  ng./ml.  (18  nM)  of  BFA 
(fig.  2). 

Effect  of  BFA  on  cell  viability.  Cells  treated  with  BFA  were 
incubated  with  trypan  blue  to  evaluate  the  proportion  of 
nonviable  cells  in  treated  versus  untreated  populations.  Vi¬ 
able  cells  quickly  exclude  trypan  blue,  whereas  nonviable 
cells  retain  trypan  blue  in  their  cytoplasm.  After  48  hours  of 
treatment  with  25  ng./ml.  of  BFA,  cells  were  trypsinized  and 
incubated  with  trypan  blue.  The  fraction  of  cells  which  re¬ 
tained  tr3q)an  blue  was  evaluated  microscopically  with  a 
hemocytometer.  Two  cell  strains  were  evaluated.  Untreated 
E-CA-1  cells  had  an  average  of  11  ±  3%  nonviable  cells  at  48 
hours,  while  BFA-treated  cells  averaged  27  ±  0%  nonviable 
cells.  Similarly,  nonviable  cells  averaged  41  ±  6%  in  BFA- 
treated  E-CA-4  populations,  versus  11  ±  1%  in  untreated 
cells. 

Morphological  appearance  of  cells  after  treatment  with 
BFA.  The  morphological  appearance  of  cells  during  treat- 
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Fig.  1.  Inhibition  of  clonal  growth  by  BFA.  On  day  0,  four  cell 
strains  derived  from  cancers  (E-CA-1,  E-CA-2,  E-CA-3  or  E-CA-4) 
and  one  cell  strain  from  normal  tissue  (E-PZ-5)  were  inoculated  at 
200  or  500  cells  per  dish  into  growth  medium  with  indicated  concen¬ 
trations  of  BFA.  After  10  days  of  incubation,  cells  were  fixed  and 
stained  and  total  growth  was  quantitated.  For  each  cell  strain, 
growth  in  absence  of  BFA  was  set  at  100%.  Each  point  represents 
average  of  duplicate  experiments,  with  three  dishes  per  point  in  each 
experiment,  ±  SEM. 


Fig.  2.  Determination  of  half-maximal  growth-inhibitory  dose  of 
BFA.  On  day  0,  E-CA-4  cells  were  inoculated  at  200  cells  per  dish 
into  growth  medium  with  indicated  concentrations  of  BFA.  After  10 
days  of  incubation,  cells  were  fixed  and  stained  and  total  growth  was 
quantitated.  Growth  in  absence  of  BFA  was  set  as  100%.  Each  point 
represents  average  of  duplicate  experiments,  with  three  dishes  per 
point  in  each  experiment,  ±  SEM. 

ment  with  BFA  was  observed  microscopically.  Morphological 
changes  consistent  with  apoptosis  were  seen  in  treated  cells 
as  early  as  24  hours  after  the  initiation  of  treatment,  and 
increased  by  48  hours.  These  characteristic  changes  included 
cell  shrinkage,  nuclear  condensation,  membrane  blebbing, 
and  detachment  from  the  substrate  (fig.  3). 


-  BFA  (x200) 


+  BFA  (x200) 


+  BFA  (x800) 


Fig.  3.  Morphological  characteristics  of  apoptosis.  Semi-confluent 
populations  of  E-CA-4  cells  were  grown  with  or  without  25  ng./ml.  of 
BFA  and  photographed  at  72  hours.  Top  panel:  cells  grown  without 
BFA  (x200);  middle  panel:  cells  grown  with  BFA  (x200);  bottom 
panel:  cells  grown  with  BFA  (x800). 


DNA  laddering  in  response  to  BFA.  Semi-confluent  cul¬ 
tures  of  E-CA-4  cells  were  treated  with  or  without  25  ng./ml 
of  BFA.  DNA  was  extracted  at  times  0,  8,  24  and  48  hours  of 
treatment.  Gel  electrophoresis  demonstrated  a  DNA  ladder¬ 
ing  pattern  of  180  bp  subunits,  characteristic  of  apoptosis,  at 
48  hours  after  treatment  with  BFA  (fig.  4). 

Measurement  of  relative  levels  of  apoptosis.  A  cell  death 
ELISA  was  used  to  measure  relative  apoptosis  in  imtreated 
versus  treated  cultures.  E-CA-4  cells  were  treated  with  or 
without  25  ng./ml.  of  BFA  for  48  hours,  then  were  harvested 
for  the  cell  death  ELISA,  which  detects  DNA  fragments  in 
the  C3rtosol  with  an  antibody  against  histone.  By  this  assay, 
apoptosis  was  18-fold  higher  in  BFA-treated  cultures  com¬ 
pared  with  untreated  cultures. 

Induction  of  p53  by  BFA.  Immunoblot  analysis  was  used  to 
examine  levels  of  p53  protein  during  BFA  treatment.  Cells 
were  treated  with  or  without  10  ng./ml.  of  BFA.  At  times  0, 3, 
6,  24,  and  48  hours  of  treatment,  cell  lysates  were  prepared. 
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Fig.  4.  DNA  laddering  in  response  to  BFA.  E-CA-4  cells  were 
treated  with  or  without  25  ng./ml.  of  BFA  for  0,  8,  24  or  48  hours. 
DNA  was  extracted  and  electrophoresed  on  1.8%  agarose  gel,  fol¬ 
lowed  by  ethidium  bromide  staining.  Molecular  wei^t  ladder  (123 
bp)  was  run  as  marker. 


Proteins  were  separated  by  PAGE-SDS  and  transferred  to 
filters.  Monoclonal  antibody  specific  for  p53  was  used  to 
detect  p53  protein  expression.  Protein  levels  of  p53  in  E-CA-2 
cells  remained  low  throughout  the  course  of  the  experiment 
regardless  of  the  presence  or  absence  of  BFA  (fig.  5).  As  a 
control  for  the  induction  of  p53  in  these  cells,  we  treated  with 
an  inhibitor  of  RNA  transcription  (DRB)  for  24  hours.  As 
expected,  p53  protein  levels  increased,  presumably  due  to 
inhibition  of  transcription  of  mdm-2,  wldch  targets  p53  for 
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degradation.  This  lack  of  induction  of  p53  protein  by  BFA 
was  also  seen  in  E-CA-1  and  E-CA-3  cells. 

Phosphorylation  ofpRB.  Prostate  cancer  cells  were  grown 
to  semi-confluency  and  fed  3  days  before  the  start  of  the 
experiment.  At  time  0,  cells  were  fed  fresh  media  with  or 
without  25  ng./ml.  BFA.  Cell  lysates  were  prepared  at  times 
0, 3,  6,  24  and  48  hours.  Immunoblot  analysis  was  performed 
to  evaluate  expression  and  phosphorylation  of  pRB  (fig.  6).  At 
times  0,  3  and  6  hours,  xmtreated  and  treated  cells  had  no 
immunoreactive  pRB  band  of  the  size  associated  with  the 
hyperphosphorylated  state.  However,  at  times  24  and  48 
hours,  untreated  cells  had  bands  typical  of  both  hyperphos¬ 
phorylated  and  hypophosphorylated  pRB.  This  would  be  ex¬ 
pected  of  cells  entering  the  prohferative  phase  in  response  to 
feeding  fresh  medium  at  time  0.  In  contrast,  lysates  from 
BFA-treated  cells  exhibited  only  hypophosphorylated  pRB, 
indicating  blockage  of  cell  progression  into  the  proliferative 
cycle. 


DISCUSSION 

Substantial  evidence  for  imique  growth-inhibitoiy  and  ap- 
optotic  activity  of  BFA  is  accumulating.  Although  first  tested 
for  anti-tumor  activity  more  than  30  years  ago,  BFA  did  not 
demonstrate  activity  in  murine  models  in  use  at  the  time  and 
interest  in  BFA  declined.®  It  is  now  known  that  murine  cells 
are  relatively  resistant  to  BFA,^®  and  promising  activity  of 
BFA  in  in  vitro  and  in  vivo  models  of  human  cancer  has 
rekindled  interest  in  this  compound.® 

Our  interest  in  BFA  was  first  aroused  when  we  tested  this 
compound  in  a  drug  screen  for  the  NCI.  In  this  screen,  cells 
from  four  prostate  cancer  cell  strains  derived  from  tumors  of 
Gleason  grades  3,  4  or  5  were  inoculated  into  96-well  micro¬ 
titer  dishes  and  exposed  to  experimental  compounds  for  six 
days.®^  At  the  end  of  this  assay,  growth  was  evaluated  by  the 
sulforhodamine  B  assay,  which  measures  total  protein.®^  Us¬ 
ing  this  assay,  we  discovered  that  BFA  was  a  potent  inhibitor 
of  prostate  cancer  cell  growth,  with  half-maximal  growth 
inhibition  at  approximately  20  nM.®  This  value  is  almost 
exactly  the  concentration  that  we  found  for  half-maximal 
inhibition  of  clonal  growth  in  the  current  study. 

Furthermore,  when  compared  with  a  panel  of  cell  lines 
from  other  t5rpes  of  human  tumors  that  were  evaluated  at  the 
NCI,  prostate  cemcer  cells  were  the  most  sensitive  to  growth 
inhibition  by  BFA.  Melanoma  cells,  the  most  sensitive  of  the 
other  types  of  cancers  in  the  screen  performed  at  the  NCI, 
demonstrated  half-maximal  growth  inhibition  with  approxi¬ 
mately  29  nM  of  BFA.®  The  potent  and  differential  activities 
of  BFA  on  prostate  cancer  cell  strains  suggest  that  BFA 
might  be  a  particularly  effective  chemotherapeutic  agent  for 
prostate  cancer  with  minimal  toxicity  to  other  organs. 

Analysis  of  patterns  of  growth  inhibition  in  the  NCI  in 
vitro  cancer  agent  screen  suggests  that  agents  with  similar 


Fig.  5.  Protein  levels  of  p53  in  response  to  BFA.  E-CA-2  cells  were 
treated  with  or  without  10  ng./ml.  of  BFA  and  cell  lysates  were 
prepared  at  0,  3,  6,  24  and  48  hours.  Immunoblots  were  used  to 
detect  p53  protein.  Control  cells  were  SV40-transfonned  prostatic 
epithelial  cells  (pRNS-1-1),  which  have  high  levels  of  p53  protein, 
and  E-CA-4  cells  treated  with  DRB  for  24  hours.  PC-3  cells,  which 
lack  p53  expression,  served  as  negative  control.  Equal  loading  of 
lysates  in  lanes  is  indicated  by  equivalent  intensities  of  nonspecific 
bands. 


BFA 

Fig.  6.  Levels  of  pRB  in  response  to  BFA.  E-CA-2  cells  were 
treated  with  or  without  10  ng./ml.  of  BFA  and  cell  lysates  were 
prepared  at  0,  3,  6,  24  and  48  hours.  Immunoblots  were  used  to 
detect  pRB  protein.  Bands  corresponding  to  hyper-  and  hypo¬ 
phosphorylated  pRB  are  indicated;  nonspecific  band  at  higher  mo¬ 
lecular  weight  serves  as  loading  control  and  indicates  equivalent 
loading  of  lysates  from  treated  and  untreated  cells. 
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mechanisms  of  antiproliferative  action  yield  similar  patterns 
of  growth  inhibition.^®’ Unique  patterns  of  activity  may 
‘therefore  indicate  potentially  nPvel  or  unique  mechanisms  of 
action.  It  is  intriguing  that  when  this  analysis  was  applied  to 
BFA,  a  unique  pattern  of  susceptibility  that  didn’t  resemble 
the  pattern  generated  by  known  cytotoxic  agents  was  noted. 
Therefore,  identifying  the  mechanism  of  action  of  BFA  on 
prostate  cells  becomes  particularly  relevant  to  further  devel¬ 
opment  of  this  or  related  agents  as  novel  chemotherapeutic 
agents. 

The  NCI  drug  screen  was  not  designed  to  investigate  mech¬ 
anisms  of  action  of  experimental  compounds.  Therefore,  in 
our  current  studies,  we  developed  additional  assays  to  fur¬ 
ther  define  BFA’s  activity  on  prostate  cancer  cells. 

One  striking  observation  regarding  BFA  is  the  very  steep 
concentration  -  effect  relationship  that  has  been  found  in 
diverse  studies.  In  our  assays,  we  found  that  1  ng./ml.  of  BFA 
produced  almost  no  effect  on  cell  growth,  whereas  10  ngyml. 
of  BFA  completely  inhibited  growth.  By  testing  a  narrow 
range  of  concentrations,  we  demonstrated  that  half-maximal 
growth  inhibition  occurred  at  5  ng./ml.  (18  nM)  of  BFA. 
Similarly,  inhibitory  concentrations  of  BFA  for  the  prostate 
cancer  cell  lines  PC-3  and  LNCaP  were  between  10  and  100 
nM  in  the  NCI  screen®  and  between  10  and  30  ng./ml.  (36  and 
108  nM)  in  experiments  performed  with  PC-3  and  another 
cancer  cell  line,  DU  145,  by  various  other  investigators.^^’ 
This  narrow  range  of  effective  concentrations  of  BFA  is  not 
peculiar  to  prostate  cells  but  was  also  noted  in  studies  with 
leukemia  and  colon  carcinoma  cell  lines. 

Diuing  the  course  of  the  growth  assays,  it  became  apparent 
that  BFA  induced  dramatic  morphologic  changes  in  the 
treated  prostate  cancer  cell  strains.  These  changes  were  rem¬ 
iniscent  of  those  occurring  during  the  process  of  apoptosis 
and  included  membrane  blebbing,  shrinkage  of  cytoplasm, 
and  detachment  from  the  substratum.  To  further  assess  the 
induction  of  apoptosis  by  BFA,  we  measured  viability  by 
tiypan  blue  exclusion  and  found  that  the  percentage  of  non- 
viable  cells  in  the  population  increased  significantly  by  48 
hours  after  exposure  to  BFA.  The  results  of  a  cell  death 
ELISA  further  indicated  that  non’viability  was  due  to  apopto¬ 
sis,  and  that  the  number  of  apoptotic  cells  was  enhanced 
18-fold  after  48  hours  of  BFA-treatment.  Finally,  the  pres¬ 
ence  of  DNA  laddering,  a  classic  manifestation  of  apoptosis, 
was  demonstrated  in  treated  cells. 

The  time  course  of  induction  of  apoptosis  in  prostate  ceuicer 
cell  strains  is  reminiscent  of  that  reported  for  the  K562 
human  leukemia  cell  line  and  the  HT-29  colon  ceircmoma  cell 
line,  but  is  much  slower  than  that  found  for  HL60  cells,  in 
which  DNA  laddering  was  visible  after  only  15  hours  of 
BFA-treatment.^^  Interestingly,  although  BFA  induced  apo¬ 
ptosis  in  DU  145  cells, it  did  not  do  so  in  PC-3  cells.^^ 
BFA-treatment  caused  growth  inhibition  and  detachment  of 
a  majority  of  PC-3  cells  after  72  hours  of  treatment,  but 
>85%  of  those  cells  were  still  viable  and  the  effects  were 
reversible  upon  removal  of  BFA.  PC-3  cells  were  found  to  be 
blocked  in  the  -  phase  of  the  cell  cycle  by  BFA;  in  prelim¬ 
inary  studies,  we  did  not  find  this  to  be  the  case  for  prostatic 
cancer  cell  strains  (data  not  shown). 

Effective  chemotherapy  for  cancer  of  the  prostate  is  lack¬ 
ing.  We  hypothesize  that  the  chemoresistance  of  prostate 
cancer  may  be  due  in  part  to  an  attenuated  response  of  p53  in 
prostatic  epithelial  cells.  While  the  exact  role  of  p53  in  reg¬ 
ulating  chemosensitivity  is  still  under  investigation,®®  in  at 
least  some  types  of  cells,  p53  enhances  chemosensitivity  by 
promoting  apoptosis.  Mutation  of  p53  in  prostate  cancer  is 
seemingly  less  frequent  than  in  some  other  cancers  and  is 
generally  a  late  event,®®  so  loss  of  p53  activity  would  not  be 
predicted  to  play  a  large  role  in  chemoresistance  of  prostate 
cancer.  However,  we  observed  that  prostate  cancer  cells  with 
wild-type  p53  did  not  induce  p53  or  undergo  cell  arrest  or 
apoptosis  in  response  to  DNA-damaging  drugs  or  radiation.'* 


This  lack  of  activity  of  p53,  despite  the  widespead  maintain- 
ance  of  wild-type  p53  in  prostate  cancer,  may  therefore  ex¬ 
plain  lack  of  activity  of  chemotherapeutic  agents,  many  of 
which  induce  apoptosis  through  p53-mediated  pathways. 
These  observations  suggest  that  effective  new  therapies  for 
prostate  cancer  will  be  based  on  agents  that  induce  p53- 
independent  pathways  of  cell  arrest  or  apoptosis. 

BFA  appears  to  be  one  such  agent  that  is  capable  of  induc¬ 
ing  p53-independent  cell  arrest  or  apoptosis.  Treatment  of 
several  human  leukemia  or  colon  carcinoma  cell  lines  with 
BFA  induced  apoptosis  in  a  p53-independent  manner.** 
Other  investigators  have  shown  that  PC-3  cells,  which  have 
mutated  p53,  are  growth-inhibited  by  BFA.  We  found  that 
apoptosis  of  prostate  cancer  cell  strains  induced  by  BFA  was 
also  p53-independent.  After  3  to  48  hours  of  exposure  to  BFA, 
levels  of  p53  protein  remained  low  in  treated  and  untreated 
cells. 

On  the  other  hand,  Mordente  et  al  showed  that  BFA- 
treatment  of  PC-3  cells  modulated  phosphorylation  of  pRB.*'* 
In  their  experiments,  substantial  levels  of  hyperphosphory- 
lated  and  hypophosphorylated  pRB  were  present  at  24  hours 
in  treated  and  imtreated  cells.  Declining  levels  of  h3q)erphos- 
phorylated  pRB  were  seen  after  48  hours  of  BFA-treatment, 
and  by  72  hours,  hypophosphorylated  pRB  was  the  main 
form  present  in  the  treated  cells.  Our  results  were  similar.  At 
48  hours,  both  hyperphosphorylated  and  hypophosphory¬ 
lated  pRB  were  present  in  untreated  prostate  cancer  cell 
strains,  whereas  only  hypophosphorylated  pRB  was  present 
in  BFA-treated  cells.  Although  these  results  suggest  that 
modulation  of  pRB  is  part  of  the  mechanism  of  action  of  BFA 
on  prostate  cancer  cells,  DU  145  cells  with  defective  pRB 
nevertheless  underwent  apoptosis  in  response  to  BFA  with 
no  change  in  the  phosphorylation  status  of  pRB.** 

The  potent  growth-inhibitory  and  apoptosis-inducing  prop¬ 
erties  of  BFA  against  prostate  cancer  cells  make  this  com¬ 
pound  an  interesting  candidate  for  chemotherapeutic  appli¬ 
cation  against  prostate  cancer.  Although  activity  of  BFA  in 
human  xenograft  models  of  prostate  cancer  has  not  yet  been 
reported,  in  vivo  antitumor  activity  of  BFA  has  been  shown 
against  human  melanoma  xenografts.®  Certainly,  however, 
BFA  has  properties  that  diminish  its  appeal  as  a  therapeutic 
drug.  For  one,  it  is  poorly  soluble  in  aqueous  medium,  mak¬ 
ing  clinical  application  problematic.  In  addition,  the  very 
narrow  range  of  toxic  concentrations  may  make  dosing  diffi¬ 
cult.  The  slow  nature  of  its  action  and  potential  reversibility 
also  are  problematic. 

Nevertheless,  these  problems  may  be  overcome  or  modified 
as  we  leauTi  more  about  the  mechanism  of  action  of  BFA.  In 
their  investigations  of  the  effects  of  BFA  on  leukemic  and 
colon  cancer  cell  lines,  Shao  et  al  found  that  BFA  potentiated 
induction  of  apoptosis  by  protein  kinase  C  inhibitors.**  BFA 
was  less  enhancing  with  inhibitors  of  topoisomerase  inhibi¬ 
tors,  suggesting  that  BFA  may  act  more  selectively  through 
the  apoptosis  pathway  mediated  by  protein  kinase  C  inhibi¬ 
tors  than  the  pathway  induced  by  DNA  damage.  Particularly 
exciting  is  the  recent  discovery  that  BFA  specifically  inhibits 
a  Golgi  -  associated  guanine  nucleotide  exchange  activity  for 
the  small  GTP-binding  protein  ADP-ribosylation  factor  1 
(ARFl).®®  It  has  been  suggested  that  inhibition  by  BFA  of 
ARFl  activation  by  trapping  the  exchange  reaction  in  a  dead¬ 
end  complex  may  have  profound  implications  on  the  devel¬ 
opment  of  drugs  targeting  other  exchange  factors  for  small  G 
proteins.®®  The  fact  that  different  ARF  exchange  factors  have 
different  sensitivities  to  BFA  may  be  the  basis  for  the  differ¬ 
ential  sensitivity  of  cells  derived  from  different  organs  to 
BFA.  Further  studies  such  as  these  will  identify  the  molec¬ 
ular  mechanisms  of  BFA  activity  and  contribute  to  the  de¬ 
velopment  of  novel  therapeutic  agents. 
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*  ABSTRACT 


The  primary  objective  of  this  study  was  to  determine  the  sequence  of  biochemical 
signaling  events  that  occur  after  modulation  of  the  cellular  redox  state  in  the  B  cell  lymphoma 
line,  PW,  with  emphasis  on  the  role  of  mitochondrial  signaling.  L-  Buthionine  sulphoximine 
(BSO),  which  inhibits  gamma  glutamyl  cysteine  synthetase  (yGCS),  was  used  to  modulate  the 
cellular  redox  status.  The  sequence  and  role  of  mitochondrial  events  and  downstream  apoptotic 
signals  and  mediators  was  studied.  After  BSO  treatment,  there  was  an  early  decline  in  cellular 
glutathione  (GSH),  followed  by  an  increase  in  reactive  oxygen  species  (ROS)  production,  which 
induced  a  variety  of  apoptotic  signals  (detectable  at  different  time  points)  in  the  absence  of  any 
external  apoptotic  stimuli.  The  sequence  of  biochemical  events  accompanying  apoptosis 
included  a  95%  decrease  in  total  GSH  and  a  partial  (25%)  preservation  of  mitochondrial  GSH, 
without  a  significant  increase  in  ROS  production  at  24  hours. 

Early  activation  and  nuclear  translocation  of  the  nuclear  factor  kappa  B  subunit  Rel  A 
was  observed  at  approximately  3  hours  after  BSO  treatment.  Cytochrome  c  release  into  the 
cytosol  was  also  seen  after  24  h  of  BSO  treatment.  p53  protein  expression  was  unchanged  after 
redox  modulation  for  up  to  72  h,  and  p21  independent  loss  of  cellular  proliferation  was 
observed.  Surprisingly,  a  truncated  form  of  p53  was  expressed  in  a  time  dependent  manner, 
beginning  at  24  h  after  BSO  incubation.  Irreversible  commitment  to  apoptosis  occurred  between 
48  and  72h  after  BSO  treatment  when  mitochondrial  GSH  was  depleted,  and  there  was  an 
increase  in  ROS  production.  Procaspase  3  protein  levels  showed  a  time  dependent  reduction 
following  incubation  with  BSO,  notably  after  48  h,  that  corresponded  with  increasing  ROS 
levels.  At  96  h,  caspase  3  cleavage  products  were  detectable.  The  pan-caspase  inhibitor 
zVADfmk,  partially  blocked  the  induction  of  apoptosis  at  48  h,  and  was  ineffective  after  72  h. 
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PW  cells  could  be  rescued  from  apoptosis  by  removing  them  from  BSO  after  up  to  48,  but  not 
72  h  incubation  with  BSO.  Mitochondrial  transmembrane  potential  (ATm)  remained  intact  in 
most  of  the  cells  during  the  72  h  observation  period,  indicating  that  ATm  dissipation  is  not  an 
early  signal  for  the  induction  of  redox  dependent  apoptosis  in  PW  cells.  These  data  suggest  that 
a  decrease  in  GSH  alone  can  act  as  a  potent  early  activator  of  apoptotic  signaling.  Increased 
ROS  production  following  mitochondrial  GSH  depletion,  represents  a  crucial  event,  which 
irreversibly  commits  PW  cells  to  apoptosis. 
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•  INTRODUCTION 


Therapeutic  strategies  designed  to  increase  the  susceptibility  of  tumor  cells  to  apoptosis 
have  the  potential  to  significantly  augment  the  efficacy  of  a  variety  of  cancer  treatments.  We 
have  previously  shown  that  enhancement  of  the  apoptotic  potential  of  tumor  cells  increases 
tumor  responses  to  radiotherapy  (1).  Many  chemotherapeutic  agents  have  profound  effects  on 
the  cellular  redox  status  (2-4),  and  alteration  of  redox  status  may  play  an  important  role  in  the 
induction  of  apoptosis  (5-8).  We  have  recently  reported  that  changes  in  the  redox  status  of  cells 
can  modulate  the  sensitivity  of  tumor  cells  to  apoptosis  induced  by  uncoupling  mitochondrial 
electron  transport  with  the  protonophore  carbonyl  cyanide  m-chlorophenylhydrazone  (8). 

Cellular  redox  potential  is  largely  determined  by  glutathione  (GSH),  which  accounts  for 
more  than  90%  of  cellular  non-protein  thiols  (9).  The  majority  of  GSH  is  found  in  the  cytosol 

(10) ,  however  a  small,  but  significant,  percentage  of  total  cellular  GSH  (10%-15%)  is  located  in 
the  mitochondria.  Mitochondrial  GSH  is  of  paramount  importance  in  protecting  the  organelle 
from  reactive  oxygen  species  (ROS)  produced  during  coupled  mitochondrial  electron  transport 
and  oxidative  phosphorylation  (10). 

Many  agents  that  induce  apoptosis  are  either  oxidants  or  stimulate  oxidative  metabolism, 
while  many  inhibitors  of  apoptosis  are  antioxidants  or  mediators  of  cellular  antioxidant  defenses 

(11) .  Depletion  of  cellular  antioxidant  defenses  allows  for  the  generation  of  significant 
quantities  of  ROS,  which  have  been  suggested  to  act  as  a  signal  for  the  induction  of  apoptosis 

(12) .  However,  other  investigators  have  suggested  that  depletion  of  antioxidants  (e.g.  GSH), 
rather  than  production  of  ROS,  is  an  important  mediator  of  apoptosis  (13). 
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GSH  is  important  for  many  cellular  biochemical  functions  including  the  regulation  of 
gene  transcription,  as  well  as  the  modulation  of  apoptosis  (7, 14).  The  binding  of  many 
transcription  factors  to  their  cognate  DNA  sequences  is  sensitive  to  the  redox  environment 
(14,15).  One  redox  sensitive  transcription  factor  involved  in  cell  proliferation  is  nuclear  factor 
kappa  B  (NFkB)  (14-16).  NFkB  translocation  to  the  nucleus  can  induce  the  transcription  of  a 
variety  of  genes,  including  cytokines,  cell  cycle  regulatory  proteins  and  anti-apoptotic  proteins 
(17).  Although  it  has  been  suggested  that  NFkB  activation  is  critical  for  the  regulation  of 
the  expression  of  genes  mediating  cell  survival,  and  may  have  an  anti-apoptotic  role  (18- 
20),  others  have  found  that  activation  of  this  transcription  factor  is  pro-apoptotic  (21-23). 

While,  NFkB  activation  may  play  a  role  in  either  cell  survival  or  cell  death, 
expression  of  the  tumor  suppressor  gene  p53  is  known  to  induce  either  stable  growth  arrest  or 
apoptosis  (24, 25).  In  human  colorectal  cancers,  the  growth  arrest  is  dependent  on  the 
transcriptional  induction  of  the  protein  p21'^®^,  but  the  precise  mechanisms  involved  in  p53- 
dependent  apoptosis  are  unclear.  However,  recently  it  has  been  reported  that  many  important 
genes  transactivated  by  p53  prior  to  the  onset  of  apoptosis  encode  proteins  that  are  involved  in 
oxidative  stress  (26).  These  findings  as  reported  by  Polyak  and  coworkers  (1997)  suggest  that 
p53  expression  results  in  apoptosis  via  a  three-step  process,  including  the  transcriptional 
induction  of  redox-related  genes,  the  formation  of  reactive  oxygen  species,  and  the  oxidative 
degradation  of  mitochondrial  components  resulting  in  cell  death  (26). 

Recently,  mitochondria  and  potential  signaling  molecules  such  as  cytochrome  c  released 
from  mitochondria  have  been  reported  to  be  key  regulators  of  apoptosis  (27-32).  Cytochrome  c 
can  combine  with  Apaf-1,  and  procaspase-9  to  form  the  apoptosome  (33),  which  activates 
caspase-9,  and  can  then  activate  caspase  3.  Nevertheless,  the  importance  of  cytochrome  c 
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release  as  an  apoptotic  signal  has  recently  been  challenged.  For  example,  cytochrome  c  release 
from  mitochondria  has  been  reported  to  be  the  result  of  cellular  redox  imbalance  rather  than  a 
signal  committing  the  cell  to  death  (34),  and  Budd  et  al.  (2000)  showed  that  cytochrome  c 
release  was  not  sufficient  for  caspase  activation  or  apoptosis  in  neuronal  cells  (35).  Activation  of 
caspases  may  be  redox  dependent,  but  the  optimal  cellular  redox  environment  for  activation  of 
caspases  is  unclear  (36,  37).  Reports  in  the  literature  suggest  that  mitochondrial  permeability 
transition  (MPT)  induction  and  mitochondrial  transmembrane  potential  (A'Pm)  depolarization 
are  apoptotic  signals  (29-32),  but  we  and  other  investigators  have  recently  reported  that  ATm 
depolarization  and  MTP  are  fully  reversible  events  and  do  not  irreversibly  commit  cells  to  die  (8, 
38,  39).  Therefore,  the  role  of  potential  mitochondrial  signals  in  the  induction  of  apoptosis 
remains  controversial. 

The  primary  objective  of  this  study  was  to  characterize  the  sequence  of  biochemical 
events  occurring  in  B  cell  lymphoma  PW  cells  after  modulation  of  the  cellular  redox  state, 
with  emphasis  on  the  role  of  mitochondria.  The  early  decline  in  cellular  GSH,  in  response 
to  BSO  treatment,  coincided  with  the  induction  of  mediators  of  apoptotic  signaling 
including  NFkB,  p53,  and  cytochrome  c  release  from  mitochondria.  ROS  generation 
increased  significantly  following  depletion  of  mitochondrial  GSH,  after  which  procaspase  3 
was  activated.  AT^  was  intact  in  a  large  proportion  of  the  cell  population  at  a  time  when 
cells  were  committed  to  die. 
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*  RESULTS 


Apoptosis  following  BSO  treatment.  PW  cells  were  incubated  for  various  times  with  BSO 
(ImM),  which  depletes  GSH  from  cellular  compartments  in  a  time  dependent  manner,  by 
inhibition  of  cytosolic  yGCS.  Apoptosis  was  then  assessed  by  staining  cells  with  P.I.  and 
using  flow  cytomestry  analysis  to  determine  the  proportion  of  hypodiploid  (sub-Gl) 
apoptotic  cells.  Figure  1 A  shows  a  time  dependent  increase  in  the  apoptotic  fraction  of  PW 
cells  following  BSO  incubation  (control  {no  BSO}:  1.5  ±  0.3%,  24  h:  2.5  ±  1.2%,  48  h:  5.0  ±  3% 
and  72  h:  16.4  ±  3%). 

Commitment  to  cell  cycle  arrest  is  irreversible  after  BSO  treatment  for  72  hours.  Cells 
were  treated  with  BSO  (ImM)  for  0, 12, 24, 36, 48, 60,  and  72  hours.  Cells  were  then  rescued 
by  washing  cells  and  plating  them  in  fresh  RPMI  for  24, 48  and  72  hr.  After  treatment 
with  BSO  (1  mM)  for  12-36  hours,  there  was  no  marked  difference  in  the  viability  of  BSO 
treated  cells  compared  with  untreated  control  cells,  whereas  after  48  and  60  hours  under 
the  same  conditions,  there  was  a  signifrcant  increase  in  cell  death  compared  to  control  cells. 
After  incubation  with  BSO  (ImM)  for  72  h,  cells  could  not  be  rescued  by  removing  BSO 
from  the  media  and  viability  dropped  dramatically  (Figure  IB  and  1C),  with  the  most  cell 
death  occuring  in  the  first  24  hours  following  washout  of  BSO  from  the  media  (data  not 
shown  for  48  and  72  hours  following  washout  of  BSO). 

Cytosolic  and  mitochondrial  GSH  levels  following  BSO  treatment.  Figure  2 A  shows  that 
PW  cells  rapidly  lost  GSH  in  a  time  dependent  manner  after  BSO  (ImM)  treatment.  At  12  h, 
total  GSH  levels  were  almost  95%  depleted,  and  GSH  was  undetectable  at  24  h  (Figure  2A). 

The  level  of  GSH  in  the  enriched  mitochondrial  fraction  of  cells  treated  with  BSO  (ImM)  for  24 
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.  hours  was  593  ±  119  pmol/10®  cells  compared  to  2460  ±  203  pmol/10^  cells  in  control  cells 
(Figure  2B),  and  was  below  the  limit  of  detection  after  incubation  with  BSO  (ImM)  for  48  h 
(Figure  2B). 

DTT  can  rescue  cells  from  BSO-induced  apoptosis.  PW  cells  were  incubated  with  BSO 
with  or  without  DTT  for  0-72  hours  prior  to  assessment  of  apoptosis.  Incubation  with  BSO 
alone  resulted  in  a  time-dependent  induction  of  apoptosis,  whereas  the  concomittant 
incubation  of  DTT  with  BSO  prevented  the  induction  of  apoptosis,  demontrating  that  PW 
cells  could  be  “rescued”  from  BSO-induced  apoptosis  by  incubating  them  with  DTT  to 
preclude  depletion  of  GSH  (Figure  3). 

ROS  production  following  BSO  treatment.  DCFH-DA  was  used  to  indirectly  measure 
cellular  generation  of  hydrogen  peroxide  (H2O2)  before  it  reacted  to  form  stable  organic 
peroxides.  As  a  positive  control,  PW  cells  were  incubated  with  H2O2  (100  p^M)  for  30  m 
prior  to  the  analysis.  Cell  samples  were  incubated  with  BSO  (1  mM)  for  0, 24, 36,  48,  54, 
60, 72  and  96  h  prior  to  collection,  and  analyzed  by  flow  cytometry  for  DCF  fluorescence 
on  the  FITC/FL-1  channel  as  an  indicator  of  ROS  production.  Cells  with  a  higher  level  of 
DCF  fluorescence  than  untreated  controls  shifted  right  on  the  x  axis  into  the  ROS’”^'* 
compartment  (arbitrary  units).  Figures  4A  and  4B  show  that  incubation  of  the  control  cell 
population  with  BSO  (1  mM)  shifts  cells  into  the  ROS'”^''  compartment  as  a  function  of 
time.  In  addition.  Figures  4A  and  4B  demonstrate  that  adding  DTT  to  the  media  during 
BSO  incubation  abolishes  this  shift  into  the  ROS'"^'’  compartment.  Figure  4C  is  a  positive 
control  showing  cells  treated  with  H2O2  (100  pM).  By  comparing  Figure  4A  and  4C  it  is 
clear  that  the  ROS'"®''  compartment  indicates  the  presence  of  increased  levels  of  peroxide. 
After  48  h  of  incubation  with  BSO  (1  mM)  a  significant  cell  population  (14.0  ±  1.1%)  has 
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begun  to  appear  in  the  ROS’"^'*  compartment  at  the  same  DCF  fluorescence  level  as  the 
population  of  cells  treated  with  H2O2  (Figures  4A  and  4B).  This  observation  is  consistent 
with  the  generation  of  similar  levels  of  peroxides  in  the  two  ROS'”®''  cell  populations.  At  72 
h  there  is  a  significant  increase  in  the  non-viable  cell  population  (seen  as  a  new  population 
appearing  at  the  leftmost  edge  of  the  x  axis).  Non-viable  cells  do  not  fluoresce  since  they 
have  lost  their  ability  to  entrap  the  DCFH-DA  dye  and  convert  it  to  the  membrane 

I 

impermeable  form  DCF  (a  function  of  their  intracellular  esterase  activity).  Cells  without 
functional  esterases  are  considered  non-viable,  and  the  cell  population  with  non-functional 
eserases  is  comprised  of  those  cells  to  the  far  left  on  the  x  axis  in  the  60  h  and  72  h 
timepoints  in  Figure  4A.  All  experiments  were  repeated  in  triplicate.  10,000  events  were 
recorded  in  each  experiment,  and  data  for  each  cell  population  (non-viable,  viable  and 
hyperfluorescent)  is  shown  as  the  mean  percentage  (%  of  total  population)  ±  SEM. 

Rel  A  translocation.  Figure  5 A  shows  the  Rel  A  band  at  65  k-Da  following  1,  3  and  5  h  of 
incubation  with  BSO  (ImM).  The  earliest  time  point  at  which  increased  nuclear  Rel  A 
expression  was  observed  compared  to  the  controls  was  at  3  h. 

p53  expression  after  BSO  treatment  of  PW  cells.  p53  expression  was  determined  following 
modulation  of  the  redox  state  in  PW  cells  by  incubation  with  BSO  (1  mM).  p53  protein  was 
detectable  at  53  k-Da  in  both  control  and  BSO  (ImM)  treated  PW  cells  without  change  in  the 
level  of  expression  during  the  72  h  incubation  period  (Figure  5B).  A  truncated  form  of  p53 
protein  band  was  also  detected  at  approximately  50  k-Da  using  the  a  p53  monoclonal 
antibody  DO-1.  Truncated  p53  was  increasingly  expressed  as  a  function  of  time  following 
incubation  with  BSO  (ImM).  Incubation  of  PW  cells  with  BSO  (1  mM)  failed  to  induce  the 
expression  of  p21'^'‘^  (data  not  shown). 
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•  Release  of  mitochondrial  cytochrome  c  after  BSO  incubation.  Cytochrome  c  release  was 
measured  in  the  cytosolic  extracts  from  PW  cells  after  incubation  with  BSO  (ImM)  for  24  to  96 
h  by  immunoblot  analysis.  A  time  dependent  increase  in  cytosolic  cytochrome  c  was  observed, 
with  cytochrome  c  first  being  detected  at  24  hours  after  incubation  with  BSO  (ImM)  (Figure  6). 

Activation  of  procaspase  3  by  BSO  incubation,  and  inhibition  of  apoptosis  with  zVADfmk. 

Procaspase  3  activation  was  assessed  follo\ving  incubation  of  cells  with  BSO  (ImM)  for  24  to 
96  h  in  PW  extracts  by  immunoblot  analysis.  There  was  a  time  dependent  decrease  in  the 
procaspase  3  protein  band,  at  32  k-Da,  following  incubation  with  BSO  (ImM).  At  72  hours, 
caspase  3  cleavage  products  were  observed  (Figure  7A).  Furthermore,  the  pan  caspase  inhibitor 
zVADfmk,  which  partially  blocked  apoptosis  induction  after  48  hours  of  BSO  treatment,  was 
ineffective  after  72  hours  (Figure  7B)  when  caspase  3  cleavage  products  were  evident  (Figure 
7A). 

'PAm  in  PW  cells  after  incubation  with  BSO.  PW  cells  incubated  with  and  without  BSO 
(ImM)  for  24  and  72  h,  were  stained  with  TMRM  and  imaged  by  fluorescence  microscopy.  The 
average  fluorescent  signal  was  not  significantly  different  in  cells  treated  with  or  without  ImM 
BSO  (24  or  72  h)  (Figure  8A  and  8B).  To  further  confirm  that  the  'PAm  was  intact  after 
incubation  with  BSO  (ImM),  cells  were  treated  with  50  pM  of  the  uncoupler  CCCP,  and  the 
fluorescence  of  at  least  20  cells  in  the  microscope  field  was  continuously  monitored  (Figure  8B). 
Figure  8 A  shows  representative  images  of  relative  fluorescence  at  time  point  zero  and  10 
minutes  after  CCCP  treatment.  The  dissipation  of  fluorescence  was  both  rapid  and  similar  in 
control  and  BSO  treated  cells  (ImM),  demonstrating  the  presence  of  an  intact  ^Amin  both 
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control  (untreated)  and  BSO  treated  cells  prior  to  CCCP  treatment,  with  similar  kinetics  of 
depolarization  following  exposure  to  CCCP. 
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DISCUSSION 


Cellular  redox  status  is  an  important  regulator  of  apoptotic  potential.  The  effect  of 
modulating  the  redox  status  on  apoptotic  potential  was  studied  using  BSO  to  inhibit  GSH 
synthesis,  and  create  a  progressively  oxidizing  environment.  Prolonged  exposure  to  BSO  led  to 
apoptotic  cell  death  within  a  time  frame  that  allowed  us  to  characterize  the  sequence  of 
biochemical  events  involved  in  BSO-induced  apoptosis. 

It  is  known  that  GSH  is  an  important  regulator  of  the  cellular  redox  state.  However,  the 
relative  importance  of  cytosolic  and  mitochondrial  GSH  levels  as  mediators  of  apoptotic 
signaling  has  not  been  clearly  defined.  Mitochondria  do  not  possess  the  enzymes  required  for 
de  novo  GSH  synthesis  (40),  but  utilize  cytosolic  GSH  derived  from  a  multi-component,  ATP 
dependent,  mitochondrial  transporter  that  translocates  GSH  from  the  cytosol  into  the 
mitochondrial  matrix  (41,  42).  The  transporter  has  a  high  affinity  component  which 
functions  at  low  cytosolic  GSH  levels,  to  maintain  mitochondrial  GSH  levels  during  periods 
of  cytosolic  GSH  depletion  (41).  Evidence  for  this  transporter  function  in  PW  cells  is 
provided  by  the  observation  that  after  cytosolic  GSH  depletion,  the  enriched  mitochondrial 
GSH  fraction  still  contains  approximately  25%  of  the  pretreatment  GSH  content  compared  Avith 
untreated  control  samples.  After  48  hours  of  treatment  with  BSO,  GSH  was  undetectable  in 
mitochondrial  fractions.  This  finding  suggests  that  during  cytosolic  GSH  depletion  that  the 
mitochondrial  GSH  pool  also  loses  GSH,  but  at  a  slower  rate.  Since  it  is  known  that  the 
mitochondrial  electron  transport  chain  is  a  major  source  of  cellular  ROS,  retention  of  GSH  by 
mitochondria  may  be  an  important  mechanism  for  protection  against  ROS  (43,  44).  ROS 
production  following  48  hours  of  BSO  treatment  was  followed  by  an  increased  apoptotic 
fraction  (flow  cytometry  analysis  of  PI  stained  cells),  and  an  increased  proportion  of  non- 
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viable  cells  (detected  by  flow  cytomery  analysis,  showing  an  increased  proportion  of  non- 
fluorescent  DCF  stained  cells  and  an  increase  in  sub-Gl  PI  stained  cells),  which  was 
prevented  by  coincubation  of  cells  with  BSO  and  DTT.  These  observations  are  consistent 
with  the  hypothesis  that  mitochondrial  ROS  may  be  important  effector  molecules  for  the 
induction  of  apoptosis  (43,  44),  and  that  the  level  of  ROS  generated  may  be  a  determinant  of  the 
apoptotic  potential  of  cells  (44,  45).  Elegant  work  by  Tan  et  al.  (1998)  (46)  is  in  agreement 
with  our  data  and  also  suggests  that  mitochondrial  generation  of  ROS  plays  a  role  in  the 
induction  of  apoptosis.  They  found  that  while  GSH  depletion  was  necessary  for  an  initial 
increase  in  ROS  production,  that  GSH  depletion  alone  was  not  sufficient  to  generate  the 
late  exponential  increase  in  mitochondrial  ROS  observed  in  a  murine  hippocampal  cell  line 
(HT22)  after  treatment  with  glutamate.  A  high  rate  of  ROS  production  occurred  only  after 
GSH  levels  dropped  below  ~20  %  of  baseline  in  the  HT22  cells.  The  results  reported  here 
with  PW  cells  demonstrate  minimal  ROS  generation  after  cytosolic  GSH  depletion,  but  a 
large  increase  in  ROS  production  after  mitochondria  are  depleted  of  GSH.  It  is  probable 
that  in  both  HT22  and  PW  cells,  the  large  increase  in  ROS  generation  following  GSH 
depletion  is  primarily  related  to  the  induction  of  apoptosis,  rather  than  being  a  direct  and 
simple  response  to  the  GSH  depletion  alone. 

The  transcription  factor  NFkB  plays  an  important  role  in  inducing  genes  involved  in 
inflammation,  protective  responses  (17),  and  apoptosis  (18-23).  Activation  of  NFkB  is  redox 
sensitive  (14-16),  and  oxidants  have  been  shown  to  increase  NFicB-mediated  expression  of  c-fos, 
c-jun  and  API  (47-48).  Here  we  report  that  the  Rel  A  component  of  NFkB  translocates  to  the 
nucleus  early  after  GSH  depletion,  before  increased  ROS  levels  are  detectable.  Interestingly, 
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Hoare  et  al.  (1999)  reported  cytokine-induced  NFkB  activation  was  also  independent  of  ROS 
production  (49). 

The  p53  protein  is  a  tumor  suppressor  gene  product.  Increased  levels  of  p53  have  been 
found  to  block  cell  proliferation  by  inducing  the  transcription  of  other  regulatory  genes  such  as 
p2iwafi  ^25^  26).  Since  p53  is  induced  after  genotoxic  stress,  we  performed  experiments  to 
determine  whether  or  not  the  stress  imposed  by  GSH  depletion  induced  p53  expression.  We 
found  that  p53  was  constitutively  expressed  at  high  levels  in  PW  cells,  and  GSH  depletion  did 
not  induce  p21'^“*^  expression  (data  not  shown).  Therefore,  we  suggest  that  PW  cell  growth 
arrest  following  GSH  depletion  was  independent.  It  is  possible  that  p21  expression  is 

not  increased  along  with  truncated  p53  because  induction  by  oxidative  stress  is 

independent  of  the  induction  of  p53.  It  is  also  possible  that  unlike  wild  type  p53,  truncated 
p53  may  not  act  as  a  transcriptional  activator  for  p21'^^^.  Interestingly,  Esposito  et  al. 
(2000)  recently  showed  that  modulation  of  intracellular  redox  status  with  diethylmaleate, 
also  a  glutathione-depleting  agent,  induced  a  p53-independent  growth  arrest  that  was 
mediated  by  the  accumulation  of  p21'^“'’  (50). 

Despite  the  known  role  of  p53  as  a  mediator  of  growth  arrest,  the  precise  mechanism(s) 
involved  in  p53-dependent  apoptosis  have  not  been  fully  elucidated  (24,  25).  Interestingly,  we 
found  trace  levels  of  truncated  p53  after  24  hours  of  incubation  with  BSO,  which  increased 
in  a  time  dependent  manner,  with  the  highest  levels  observed  when  apoptosis  was 
irreversibly  induced.  Truncated  p53  lacks  the  N  terminus  binding  region  for  mdm2,  and  may 
be  unable  to  negatively  induce  the  p53  target  gene  mdm2  (24).  Since  mdm-2  can  block  both 
p53 -mediated  cell  cycle  arrest  and  apoptosis  (24, 25),  truncated  p53  may  ftmction  as  a  positive 
inducer  of  apoptosis  (24)  in  PW  cells. 


15 


Since  cytochrome  c  has  been  shown  to  activate  apoptosis  (51,  52),  experiments  were 
performed  to  determine  whether  induction  of  apoptosis  in  the  PW  cell  line  involved  cytochrome 
c  or  the  downstream  caspase  3  pathway.  Cjdoehrome  c  release  in  response  to  incubation  with 
BSO  increased  in  a  time  dependent  manner.  When  the  labile  cytosolic  GSH  pool  was  depleted, 
after  approximately  24  h  of  BSO  treatment,  mitochondria  released  only  trace  amounts 
cytochrome  c.  However,  after  incubation  with  BSO  for  72  hours,  relatively  large  Quantities  of 
cytosolic  cytochrome  e  were  detected  by  immunoblot.  Therefore,  mitochondria  of  PW  eells 
release  cytochrome  c  after  GSH  depletion,  but  before  increased  levels  of  ROS  are  detectable. 
These  results  are  in  agreement  with  those  of  Ghibelli  et  al.  (1999)  (36),  however,  they  reported 
the  release  of  large  quantities  of  cytochrome  c  from  HepG2  and  U937  mitochondria  as  early  as 
3  hours  after  incubation  with  BSO,  which  did  not  commit  these  cells  to  apoptosis.  It  is  not  clear 
from  our  findings  whether  cytochrome  c  is  released  from  cells  as  a  consequence  of  apoptosis,  or 
if  it  is  an  early  signal  for  the  induction  of  redox-dependent  apoptosis.  However,  the  observation 
that  we  were  able  to  rescue  many  cells  from  subsequent  cell  death  by  withdrawal  of  BSO  after 
<  48  hours  incubation,  despite  the  release  of  detectable  amounts  of  cytochrome  c  release, 
suggests  that  cytochrome  c  release  from  mitochondria  may  not  irreversibly  commit  cells  to 
death. 

Procaspase  3  protein  levels  decreased  as  a  ftmction  of  time  of  incubation  with  BSO,  and 
after  96  h,  caspase  3  cleavage  products  were  observed  (Figure  6A).  These  data  are  supported  by 
a  recent  study  by  Chen  et  al.  (2000)  who  reported  that  procaspase  3  cleavage  could  be  induced 
with  H2O2  (53).  Furthermore,  Yoshimura  et  al.  (1999)  showed  that  hypoxia-induced  pro¬ 
caspase  3  activation  is  blocked  by  GSH  (54).  Since,  the  activation  of  caspase  proen2ymes 

! 

occurs  by  cleavage  at  specific  aspartate  cleavage  sites  (36),  oxidative  modification  of  cysteine 
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1  . 

sulfhydryls  in  the  caspase  3  protein  may  be  involved  in  cleavage  of  the  protein  (36).  The 
oxidizing  conditions  created  by  BSO  treatment  may  play  a  role  in  these  cleavage  reactions 
and  result  in  procaspase  3  activation.  The  results  reported  here  with  the  zVADfink  pan- 
caspase  inhibitor  further  confirm  the  involvement  of  procaspase  activation  in  BSO-mediated 
apoptosis,  and  demonstrate  that  following  incubation  with  BSO  for  48  h,  when  mitbchondrial 
GSH  is  depleted,  that  increased  ROS  generation  precedes  procaspase  3  activation. 

The  role  of  'FAm  depolarization  as  an  apoptotic  signal  is  controversial  (8, 32,  38, 39). 
Here  we  report  that  neither  early  GSH  depletion,  nor  later  increased  ROS  caused  dissipation  of 
the  TAni,  with  similar  TMRM  fluorescence  in  control  and  BSO  (72  h)  treated  samples.  This 
result  is  surprising  because  it  has  previously  been  reported  that  loss  of 'FAm  is  an  early  and 
irreversible  signal  for  apoptosis  (32).  The  preservation  of  TAm  after  GSH  depletion  and  ROS 
production  indicates  that  'FAm  depolarization  may  not  play  a  causal  role  in  redox  dependent 
apoptosis  in  the  PW  cell  line.  These  observations  have  been  recently  substantiated  in  a  study 
where  it  was  shown  that  caspases  were  activated  independently  of  dissipation  of  the  T^Am  during 
apoptosis  (55).  The  integrity  of  the  MPT  pore  is  also  dependent  upon  the  redox  environment  of 
the  cell  (56-57).  Petronilli  et  al.  (1994)  found  that  the  MPT  pore  complex  contains  a  critical 
thiol  residue  that  is  in  redox  equilibrium  with  GSH  (58).  Therefore,  modulation  of  the  cellular 
redox  state  could  increase  the  gating  potential  of  the  MPT  pore  and  promote  the  dissipation  of 
YAm.  Since  the  release  of  cytochrome  c  was  evident  at  24  hours  after  GSH  depletion,  it  is 
possible  that  cytochrome  c  release  is  regulated  by  determinants  other  than  the  T^Am  (59). 

In  conclusion,  the  loss  of  mitochondrial  GSH  appears  to  be  a  key  regulator  of 
apoptotic  potential  in  PW  cells,  since  the  subsequent  increase  in  ROS  production  precedes 
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the  induction  of  apoptosis.  GSH  depletion  in  PW  cells  is  sequentially  associated  with  a 
decline  in  total  cellular  GSH,  along  with  NFkB  activation,  the  release  of  cytochrome  c  from 
mitochondria,  and  the  expression  of  a  truncated  form  of  p53.  ROS  production  is  then 
increased,  at  which  time  pro-caspase  3  is  cleaved  and  apoptosis  is  irreversibly  induced. 
Future  experiments  will  be  designed  to  further  elucidate  the  role  of  Ap53,  wild  type  p53, 
and  NFkB  in  this  process  and  to  test  the  hypothesis  that  Ap53  and  NFkB  are  direct 
mediators  of  survival/apoptotic  signals  in  this  system.  Since  ionizing  radiation  and 
chemotherapy  alter  redox  status,  elucidation  of  the  role  of  redox  modulation  on  apoptotie 
signaling  pathways  may  have  broad  elinical  relevanee  and  ultimately  allow  for  the  development 
of  novel  therapeutic  strategies  to  improve  the  efficacy  cytotoxic  therapies. 
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MATERIALS  AND  METHODS 


Cell  culture  and  treatments.  PW  cells  (a  kind  gift  from  Dr.  Amato  Giaccia,  Stanford 
University)  were  cultured  in  RPMI  medium  supplemented  with  10%  (v/v)  fetal  bovine  serum 
(FBS),  300  pg/L  L-Glutamine,  100  pg/ml  streptomycin,  and  100  U/ml  penicillin.  They  were 
incubated  in  a  controlled  atmosphere  (5%  CO2)  incubator  at  37°  C,  and  were  split  every  two  days 
to  maintain  them  in  log-phase.  Cultures  were  maintained  at  a  concentration  of  between  5x10^/ 
ml  and  1x10*^/  ml  to  prevent  apoptosis  induced  by  overgrowth,  and  all  experiments  were 
performed  at  a  cell  density  of  5  x  10^  cells/ml.  GSH  was  depleted  with  BSO  (1  mM)  which 
inhibits  the  cytosolic  gamma  glutamyl  cysteine  synthetase  (yGCS).  Experiments  were  also 
performed  with  dithiotreitol  (DTT)  at  500  pM  (Sigma,  St.  Louis,  MO)  and  BSO  to 
determine  if  DTT  could  protect  cells  from  the  effects  of  BSO  on  ROS  generation  and  the 
induction  of  apoptosis.  The  protonophore  carbonyl  cyanide  w-chlorophenylhydrazone  (CCCP) 
50  pM  was  used  to  induce  AWm  depolarization. 

Cell  viability  and  apoptosis  assays.  Cell  viability  was  assessed  by  flow  cytometry  using 
propidium  iodide  (PI)  to  differentiate  between  cells  with  and  without  intact  plasma 
membranes.  Since  the  nuclei  in  apoptotic  cells  contain  hypodiploid  amounts  of  DNA,  flow 
cytometry  analysis  of  PI  stained  permeabilized  cells  was  used  to  quantitate  the  percentage  of 
apoptotic  (sub-Gl)  cells  as  described  in  reference  8. 

Rescue  of  PW  cells  after  BSO  incubation.  PW  cells  were  incubated  (under  standard  conditions 
in  RPMI  1640  containing  10%  FBS,  and  supplements)  with  BSO  (1  mM)  for  0, 12,  24,  36, 48, 

60  and  72  h.  Cells  were  then  washed  in  fresh  RPMI  1640  to  remove  the  BSO,  and  seeded  at  a 


19 


density  of  5  x  10^/ml  in  fresh  RPMI  1640  for  an  additional  72  h.  At  24, 48  and  72  h  after 
removal  of  the  BSO  cell  proliferation  was  assessed  by  cell  cytometry  of  PI  stained  cells. 

Measurement  of  glutathione.  GSH  was  measured  as  previously  described  (8).  Briefly,  PW 
cell  samples  (4  x  10®)  were  rinsed  in  phosphate  buffered  saline  and  sonicated  for  10  s  on  ice. 
Proteins  were  precipitated  on  ice  for  15  min  with  sulfosalicylic  acid  (6.5%)  and  centrifuged  at 
2000g  for  15  min  at  4°C.  Supernatants  were  stored  at  -70°C  until  the  time  of  analysis.  GSH  in 
enriched  mitochondrial  fractions  was  determined  on  samples  that  had  been  previously 
permeabilized  with  digitonin  to  release  the  cytosol.  Post  cytosolic  cell  fractions  were  washed 
three  times  in  ice-cold  PBS  and  centrifuged.  Cell  pellets  were  processed  in  an  identical  manner 
to  whole  cells.  GSH  was  determined  by  the  GSH-reductase  recycling  assay  (60),  in  microtitre 
plates. 

ROS  determination.  Dichorofluorescein  diacetate  (DCFH-DA)  was  used  to  assess  levels  of  net 
intracellular  generation  of  ROS  (61).  DCFH-DA  is  a  peroxide-sensitive  fluorescent  probe  that  is 
nonpolar  and  diffuses  into  the  cell.  Intracellular  esterases  cleave  the  diacetate  ester  group  and 
entrap  the  polar,  nonfluorescent  DCFH  within  the  cell.  ROS  can  oxidize  this  substance  to  the 
fluorescent  compound  DCF.  Cells  were  treated  with  BSO  (1  mM)  for  the  indicated  times,  and 
washed  in  Hanks  Buffered  Saline  Solution  (HBSS)  (Gibco,  Gaithersburg,  MD).  1  x  lOVml  cells 
were  incubated  in  HBSS  containing  50  ^iM  DCFH-DA  for  30  min  prior  to  ROS  measurement. 
Samples  incubated  with  hydrogen  peroxide  (100  pM)  were  used  as  a  positive  control.  The 
fluorescence  of  the  cell  population  is  proportional  to  the  levels  of  intracellular  ROS  generated 
(61),  and  was  measured  with  a  FACScan  (Becton  Dickinson,  Mountain  View,  CA)  at  588nm 
emission. 


20 


Immunoblotting.  For  immunoblotting  post  cytosolic  (nuclear)  fractions  and  cytosolic  fractions 
were  obtained  from  digitonin  permeabilized  PW  cells  as  previously  described  (8).  Nuclear 
fractions  were  used  to  determine  Rel  A  protein  levels.  Briefly,  3-5x10®  cells  were  harvested  and 
resuspended  in  100  ^iL  of  mitochondrial  isolation  buffer  (250  mM  mannitol,  17  mM  MOPS  (pH 
7.4),  2.5  mM  EDTA  and  0.2  mg/ml  digitonin).  The  suspension  was  centrifuged  at  3000  rpm  for 
5  minutes  at  4°C  and  the  cell  pellet  was  washed  x  2  in  ice  cold  PBS.  After  re-suspension  in  200 
|j,L  sodium  dodecyl  sulfate  (SDS)  buffer,  the  extract  was  boiled  for  10  minutes  to  denature  the 
proteins.  The  cell  extract  was  aspirated  through  a  27  gauge  needle  and  transferred  to  a  new  tube. 
The  protein  concentration  was  measured  using  a  protein  assay  kit  (DC  protein  assay  reagent, 
Bio-Rad,  Hercules,  CA).  Fifty  micrograms  of  denatured  protein  were  resolved  on  10%  SDS- 
PAGE  gels  and  electro-blotted  onto  nitrocellulose  membrane.  Rel  A  was  detected  using  a  rabbit 
polyclonal  antibody  to  Rel  A  (1 :  250)  for  1  hour  (Santa  Cruz,  San  Diego,  CA).  Membranes  were 
incubated  in  anti-species-HRP  conjugated  secondary  antibody  for  1  hour  at  (1:1000)  (Dako, 
Carpinteria,  CA).  Detection  was  carried  out  by  incubating  membranes  for  5  min  with  the 
enhanced  chemiluminescence  reagent  (ECL  kit;  Amersham  Pharmacia  Biotech),  followed  by 
exposure  to  ECL  X-ray  film  (Amersham). 

For  cytochrome  c,  cytosolic  fractions  recovered  from  digitonin  permeabilized  cells  were  mixed 
(1:1)  with  SDS  sample  buffer  and  boiled  to  denature  the  proteins.  Thirty  mierograms  of 
cytosolic  protein  extracts  were  resolved  on  15%  SDS-PAGE  gels,  and  electro-blotted  onto  a 
nitrocellulose  membrane  (Bio-Rad).  Anti-cytochrome  c  mouse  monoclonal  antibody 
(PharMingen,  San  Diego,  CA)  was  used  as  the  primary  antibody.  Membranes  were  incubated  in 
anti-species-HRP  conjugated  secondary  antibody  for  2  hours  at  (1:1000)  (Dako).  Detection  was 
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carried  out  by  incubating  membranes  for  5  min  with  the  ECL  reagent  (Amersham)  as  described 
for  Rel  A. 

For  p53,  cells  were  initially  washed  in  ice  cold  PBS  and  were  pelleted  and  resuspended  in  UTB 
buffer  (9  M  urea,  75  mM  Tris-HCl,  pH  7.5, 0.15  M  2-mercaptoethanol)  and  sonicated  briefly. 
The  protein  concentration  was  determined  as  described  above  (Bio  Rad).  Fifty  micrograms  of 
protein  were  separated  on  SDS-PAGE  gels  and  electro-blotted  on  to  nitrocellulose  membranes 
(Osmonics,  Westborough,  MA).  Proteins  were  detected  with  the  following  antibodies:  mouse 
mAb  against  the  N-  (DO-1,  Santa  Cruz,  Ca)  and  C-(pAb  421)  termini  of  p53,  and  mouse  mAb 
against  p21  WAFl/CIPl  (Chemicon  International  Inc.,  Temecula,  CA).  Membranes  were 
incubated  in  anti  species-HRP  conjugated  secondary  antibody  for  1  hour  at  (1 : 1000)  (Dako). 
Detection  was  carried  out  by  incubating  membranes  with  the  enhanced  chemiluminescence 
reagent  (ECL  kit;  Amersham)  Pharmacia  Biotech),  followed  by  exposure  to  ECL  X-ray  film 
(Amersham)  as  described  for  Rel  A. 

For  caspase  3,  twenty  micrograms  of  denatured  protein  were  resolved  on  12%  SDS-PAGE  gels 
and  electro-blotted  onto  nitrocellulose  membranes.  The  membrane  was  incubated  with  mouse 
anti-human  CPP32  monoclonal  antibody  (Calbiochem,  La  Jolla,  CA)  as  the  primary  antibody 
(1 :500)  for  1  hour.  Membranes  were  incubated  in  anti  species-HRP  conjugated  secondary 
antibody  for  2  hours  at  (1 : 1000)  (Dako).  Detection  was  carried  out  by  incubating  membranes  for 
5  min  with  the  (ECL  kit;  Amersham)  as  described  for  Rel  A. 

Apoptosis  following  BSO  incubation  and  addition  of  the  caspase  inhibitor  zVADfmk.  PW 

cells  were  incubated  with  RPMI  containing  BSO  (ImM)  for  48  and  72  h  after  which  time  the 
broad  spectrum  caspase  inhibitor  benzyloxycarbonyl-val-glu-asp  fluoromethylketone 
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(zVADfmk)  (50  |iiM)  or  vehicle  control  (DMSO)  was  added,  and  cultures  were  incubated  for  an 
additional  24  hours.  Apoptosis  was  assessed  by  flow  cytometry  analysis  of  PI  stained  cells. 

Data  are  expressed  as  mean  ±  S.E.M  (n  =  3). 

Analysis  of  the  mitochondrial  membrane  potential.  Mitochondrial  membrane  potential  was 
determined  by  measuring  the  fluorescence  of  cells  stained  with  the  dye  tetra-methyl  rhodamine 
methyl  ester  (TMRM)  before  and  after  exposure  to  BSO  (1  mM)  and/  or  CCCP  (50  pM)  in  at 
least  20  individual  cells.  Cells  (2  _  10®/  ml)  loaded  with  TMRM  (150  nM)  were  seeded  onto 
glass  cover  slips  (previously  coated  with  poly  lysine)  in  1  ml  of  RPMI  1640  with  10%  FBS  and 
left  to  attach  for  30  minutes  at  37°C.  Cells  were  transferred  to  a  temperature-controlled 
perfusion  chamber  (Bioptechs,  Butler,  PA).  During  the  experiment,  cells  were  maintained  at 
37°C  in  culture  media  containing  50  nM  TMRM.  Fluorescence  images  were  obtained  with  a 
cooled  CCD  camera  (Photometries  Quantix,  Tucson,  AZ)  connected  to  an  epifluorescence 
inverted  microscope  (Nikon  TE  300)  equipped  with  a  40X  oil  immersion  objective.  Excitation 
light  from  a  75  W  zenon  arc  lamp  was  coupled  to  the  microscope  by  a  liquid  light  guide  (Sutter 
Instrument  Co.,  Navato,  CA)  and  directed  onto  a  filter  cube  (535  ±  25  nm  exitation,  575  run 
dichroic  mirror,  590  nm  long  pass  emission  filter).  Exitation  light  was  reduced  by  >  90%  with 
neutral  density  filters  and  a  computer  controlled  shutter  to  minimize  photobleaching  and 
phototoxicity.  Images  were  collected  for  250  milliseconds  every  10  s  and  analyzed  using 
Metafluor  imaging  software  (Universal  Imaging,  West  Chester,  PA).  To  further  determine  that 
the  mitochondrial  membrane  potential  was  intact,  CCCP  (50  pM)  was  injected  into  the  perfusate 
and  the  fluorescence  of  >  20  representative  cells  was  monitored  at  10  s  intervals  for  a  total  of  500 
measurements  per  cell.  The  intensity  of  the  fluorescence  was  monitored  kinetically,  and 
averaged  for  >  20  cells  over  the  total  time  period. 
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Statistical  analysis.  Statistical  analyses  were  performed  using  Student’s  t  test  for  unpaired  data, 
and  p  values  <0.05  were  considered  significant.  Data  are  presented  as  mean  ±  SEM. 
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Figure  Legends 


Figure  1. 

Apoptosis  and  cell  proliferation  after  incubation  with  BSO 

A.  Apoptosis  following  incubation  with  BSO.  PW  cells  were  incubated  with  RPMI  containing 
BSO  (ImM)  for  0, 24,  48  and  72  h  (as  described  in  the  materials  and  methods  section).  The 
apoptotic  fraction  was  determined  by  flow  cytometry  analysis  of  PI  stained  cells  (as  described  in 
the  materials  and  methods  section).  Data  are  expressed  as  mean  ±  S.E.M  (n  =  3). 

B.  Representative  plots  of  flow  cytometry  data  showing  rescue  of  PW  cells  following 
incubation  with  BSO. 

C.  Graph  showing  rescue  of  PW  cells  following  incubation  with  BSO.  PW  cells  were 
incubated  with  RPMI  1640  containing  BSO  (1  mM)  for  0, 12, 24, 36, 48, 60  and  72  hours. 

After  the  incubation  period  cells  were  washed  in  fresh  RPMI,  seeded  at  an  approximate  density 
of  5  X  10^/ml,  and  incubated  for  an  additional  72  h.  At  24  h  after  removal  of  the  BSO,  cell 
viability  was  determined  by  counting  viable  PI  stained  cells  with  flow  cytometry.  Data  are 
expressed  as  mean  ±  S.E.M  (n  =  3). 

Figure  2. 

GSH  levels  in  PW  cells. 

A.  Effect  of  BSO  on  total  GSH  levels.  PW  cell  aliquots  (4  x  lOV  ml)  were  incubated  with 
RPMI  containing  BSO  (1  mM)  for  up  to  24  hours.  GSH  levels  were  determined  at  various  times 
on  these  samples  by  the  GSH  reductase  recycling  assay  described  in  the  materials  and  methods 
section.  The  GSH  concentration  was  plotted  as  a  function  of  time  and  expressed  as  nmol/mg 
protein. 
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B,  Effect  of  BSO  on  mitochondrial  GSH  levels.  PW  cells  were  treated  with  BSO  for  24, 48 
and  72  h.  Mitochondrial  fractions  from  these  cells  were  isolated  as  described  in  the  materials  and 
methods  section.  GSH  levels  were  determined  using  the  GSH  reductase  recycling  assay.  The 
GSH  concentration  was  expressed  in  pmol/10^  cells.  Data  are  expressed  as  mean  ±  S.E.M  (n  - 

3).  . 

Figure  3. 

Apoptosis  in  cells  treated  with  BSO  with  or  without  DTT. 

PW  cells  were  incubated  with  BSO  (ImM)  in  the  presence  or  absence  of  DTT  (500  |xM)  for 
0-72  hours  prior  to  assessment  of  apoptosis  by  flow  cytometry  of  permeabilized,  PI/RNAase 
stained  BSO  treated  cells,  or  unpermeabilized,  PI  stained  cells  treated  with  BSO  +  DTT. 

A.  Representative  plots  of  flow  cytometry  data  at  key  time  points  showing  increasing 
apoptosis  of  PW  cells  as  a  function  of  the  incubation  time  with  BSO.  Apoptosis  was 
determined  as  the  percentage  of  sub-Gl  cells  in  an  ungated  population  of  10,000  events.  In 
BSO  +  DTT  treated  samples,  cell  viability  was  verified  by  PI  exclusion. 

B.  Graph  of  BSO  induced  apoptosis  over  time  contrasted  with  very  low  cell  death  observed 
in  samples  incubated  with  BSO  +  DTT.  Data  in  (B)  are  shown  as  the  mean  ±  S.E.M.  (n  =  3) 
for  apoptosis  shown  as  the  percentage  of  control  at  time  0  hr. 

Figure  4. 

ROS  levels  following  Incubation  with  BSO. 

A.  Representative  plots  of  flow  cytometry  data  showing  ROS  levels  in  PW  cells  after  GSH 
depletion.  PW  cells  were  incubated  with  BSO  (ImM)  for  0, 24, 36, 48, 54, 60, 72  and  96  h  as 
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described  in  the  materials  and  methods  section.  1.0  x  1  O^ml  cells  were  loaded  with  50  |;iM 
DCFH-DA  and  incubated  at  37®  C  for  30  minutes.  Determination  of  intracellular  ROS 
generation  was  performed  by  flow  cytometry  analysis  of  10,000  cells  using  the  FLl  channel 
in  logarithmic  mode  (as  described  in  the  materials  and  methods  section).  Three  cell 
populations  differing  significantly  in  their  relative  mean  fluorescence  were  observed  by 
flow  cytometry  analysis:  1)  a  cell  population  with  medium  fluorescence  corresponding  to 
viable  and  untreated  control  cells,  2)  a  hyperfluorescent  cell  population  labeled  ROS'"®'' 
corresponding  to  cells  that  had  generated  significant  quantities  of  ROS  compared  to  the 
positive  control  sample  treated  with  H2O2  (100  pM),  and  3)  a  non-viable  cell  population  with 
low  fluorescence  corresponding  to  cells  that  had  failed  to  cleave  and  entrap  DCFH-DA 
(labeled  in  the  60  h  timepoint  where  it  first  appears).  Cell  numbers  in  the  ROS'"®'‘ 
compartment  are  expressed  as  percent  cells  of  whole  population.  Results  are 
representative  of  four  experiments.  As  a  control,  PW  cells  were  incubated  with  BSO  (1 
mM)  ±  DDT  (500  pM)  for  0-72  h  prior  to  measurement  of  ROS  and  representative  plots 
were  included  in  Figure  4A. 

B.  Graph  of  the  induction  of  ROS  as  a  function  of  time  in  PW  cells  treated  with  BSO  in  the 
presence  or  absence  of  DTT.  Percentages  of  cells  in  the  ROS  high  compartment  from 
Figure  4A  were  graphed  as  mean  ±  S.D.  (n  =  3).  The  dark  line  represents  BSO  treated  PW 
cells  and  the  light  line  demonstrates  the  contrasting  lack  of  ROS  in  the  cells  incubated  with 
both  BSO  and  DTT. 

C.  Representative  plot  of  the  induction  of  ROS  in  H2O2  treated  control  PW  cells.  Control 
PW  cells  were  incubated  with  BSO  +  H2O2  for  30  minutes  prior  to  staining  (as  in  the  0  h 
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timepoints  in  4A).  The  shift  of  >  95%  of  the  cell  population  into  the  ROS’"®'*  compartment 
demonstrates  the  presence  of  increased  levels  of  peroxide. 

Figures. 

Effect  of  BSO  incubation  on  NFkB  activation  and  p53  induction. 

A.  Effect  of  BSO  incubation  on  NFkB  activation.  PW  cells  were  incubated  with  RPMI 
containing  BSO  (ImM)  for  1,  3  and  5  hours.  Post  cytosolic  nuclear  fractions  were  prepared  from 
digitonin  permeabilized  cells  as  described  in  the  materials  and  methods  section.  Rel  A 
translocation  was  determined  by  immunoblot  analysis  performed  on  nuclear  fractions,  and  shows 
the  Rel  A  protein  band  at  65-kDa.  Equal  amounts  of  protein  (50  pg)  were  loaded  in  each  lane 
(determined  by  the  Biorad  assay). 

B.  Effect  of  BSO  incubation  on  p53  induction.  PW  cells  were  incubated  with  RPMI 
containing  BSO  (1  mM)  for  24,  48,  72  and  96  h.  The  expression  of  p53,  p21  wafl  and  truncated 
p53  was  determined  by  immunoblot  analysis  described  in  the  materials  and  methods  section. 
Equal  amounts  of  protein  (50  pg)  were  loaded  in  each  lane  (determined  by  the  BioRad  assay). 

Figure  6. 

Cytochrome  c  release  after  incubation  with  BSO. 

Cytochrome  c  release  after  incubation  with  BSO.  PW  Cells  were  incubated  with  BSO  (ImM) 
for  0, 24, 48,  72  and  96  h.  The  cytosolic  fraction  was  recovered  by  digitonin  permeabilization  as 
described  in  the  materials  and  methods  section.  Cytochrome  c  (15  k-Da)  was  determined  by 
immunoblot  analysis.  Bovine  cytochrome  c  was  used  as  a  positive  control.  Equal  amounts  of 
protein  (25  pg)  were  loaded  in  each  lane  (determined  by  the  BioRad  assay). 
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Figure  7. 

A.  Caspase  3  activation  after  incubation  with  BSO.  PW  cells  were  incubated  with  BSG 
(ImM)  for  0, 24, 48,  72  and  96  h.  Caspase  3  (32  k-Da)  activation  was  determined  by 
immunoblot  analysis  and  shows  the  protein  band  at  32-kDa.  Caspase  cleavage  products  were 
observed  at  72  hours  after  BSO  treatment.  Equal  amoimts  of  protein  (20  pg)  were  loaded  in  each 
lane  (determined  by  the  Biorad  assay). 

B.  Inhibition  of  apoptosis  by  zVADfmk.  PW  cells  were  incubated  with  RPMI  containing  BSO 
(ImM)  for  48  and  72  h.  zVADfmk  was  then  added  to  cultures,  and  cultures  were  incubated  for 
an  additional  24  hours  as  described  in  the  materials  and  methods  section.  Apoptosis  was 
assessed  by  FACS  analysis  of  PI  stained  cells.  Data  are  expressed  as  mean  ±  S.E.M  (n  =  3). 

Figure  8. 

Mitochondrial  membrane  potential  (TAm  )  after  incubation  with  BSO. 

A.  YAm  after  incubation  with  BSO.  PW  cells  were  incubated  with  BSO  (ImM)  for  0, 24,  and 
72  hours.  Cells  were  loaded  with  the  dye  TMRM,  and  'PAm  was  determined  in  these  cells  by 
monitoring  the  intensity  in  fluorescence  of  the  dye.  After  establishment  of  baseline  fluorescence 
(>  20  minutes),  the  uncoupler  CCCP  (50  pM)  was  perfused  into  the  system  and  the  fluorescence 
of  >  20  representative  cells  was  monitored  at  10  second  intervals  for  200  additional 
measurements. 

B.  ^Am  after  incubation  with  BSO.  Graphical  representation  of  the  mean  TMRM 
fluorescence  of  PW  cells  A)  control  B)  incubation  with  BSO  (ImM)  for  24  h  and  C)  incubation 
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with  BSO  (ImM)  for  72  h.  The  TMRM  fluorescence  of  20  randomly  picked  cells  was  monitored 
before  and  after  perfusion  with  CCCP  (50  |iM)  for  a  total  time  of  25  minutes.  This  fluorescence 
was  averaged  and  plotted  as  a  function  of  time  after  the  background  fluorescence  had  been 
subtracted. 
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ABSTRACT 


Interest  in  exploiting  traditional  medicines  for  prevention  or  treatment  of  cancer  is 
increasing.  Triptolide  is  a  purifled  compound  from  a  plant  that  has  been  used  in  China  for 
centuries  to  treat  immune-related  disorders.  Recently  it  has  been  reported  that  triptolide 
possesses  anti-tumor  properties  in  addition  to  its  anti-inflammatory  activity.  In  particular, 
triptolide  induces  apoptosis  by  p53-independent  mechanisms  in  a  variety  of  malignant  cell 
lines.  We  previously  found  that  primary  cultures  of  human  prostatic  epithelial  cells 
derived  from  normal  tissues  and  adenocarcinomas  are  in  general  extremely  resistant  to 
apoptosis.  Furthermore,  the  function  of  p53  is  impaired  in  these  cells,  so  that  drugs  that 
require  p53  activity  to  induce  cell  death  are  ineffective  in  these  cells.  Therefore,  the 
properties  of  triptolide  suggested  that  it  was  a  promising  candidate  to  test  for  anti-tumor 
activity  against  prostate  cells.  Experiments  presented  here  demonstrate  that  treatment  of 
prostatic  epithelial  cells  with  triptolide  had  dose-dependent  effects.  Low  concentrations  of 
triptolide  inhibited  cell  proliferation  and  induced  a  senescence-like  phenotype.  Higher 
concentrations  of  triptolide  induced  apoptosis  that  was  unexpectedly  associated  with 
nuclear  accumulation  of  p53.  Paradoxically,  levels  of  the  p53  target  genes,  p21  and  hdm-2, 
were  reduced,  as  was  bcl-2.  Our  results  suggest  that  triptolide  might  be  an  effective 
preventive  as  well  as  therapeutic  agent  against  prostate  cancer,  and  that  triptolide  may 
activate  a  functional  p53  pathway  in  prostatic  epithelial  cells. 
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INTRODUCTION 


Extracts  of  the  Chinese  herb.  Tripterygium  Wilfordii  hook,  have  been  used  extensively  for 
centuries  in  traditional  Chinese  medicine  to  treat  a  variety  of  autoimmune  and  inflammatory 
diseases  including  rheumatoid  arthritis.’  One  of  the  purified  compounds  from  Tripterygium 
extracts  with  immunosuppressive  activity  is  the  diterpene  triepoxide,  triptolide.^  Recent 
explorations  of  the  mechanisms  of  action  of  triptolide  revealed  many  properties  relevant  not  only 
to  anti-inflammatory  activity  but  to  anti-cancer  activity  as  well.  Antiproliferative  and 
proapoptotic  activity  of  triptolide  has  been  shown  with  a  number  of  different  types  of  cancer 
cells  in  vitro  and  in  vivo.^  '’ 

We  became  interested  in  triptolide  because  it  was  reported  to  direct  cancer  cells  to  undergo 
apoptosis  independent  of  p53  activity.'*  The  tumor  suppressor  protein  p53  responds  to  different 
forms  of  cellular  stress  such  as  DNA  damage  by  ionizing  radiation  or  chemotherapeutic  drugs  by 
targeting  the  checkpoint  genes  that  inhibit  cell  cycle  progression^  and/or  trigger  apoptosis 
(review  in®’  ^).  Previous  studies  conducted  in  this  laboratory  showed  that  activation  of  p53  in 
response  to  y-irradiation,  or  other  stresses  such  as  hypoxia  or  DNA-damaging  drugs,  is 
attenuated  in  primary  cultures  of  normal  and  malignant  prostatic  epithelial  cells,  despite  the 
presence  of  the  wild-type  p53  gene.®  Since  many  chemotherapeutic  drugs  use  p53-mediated 
pathways  to  induce  growth  arrest  or  apoptosis,  we  have  suggested  that  dysfunction  of  53  may 
partially  explain  the  resistance  of  prostate  cancer  to  drug  treatment.  The  prevalence  of  mutated 
p53  in  advanced  prostate  cancer^  may  also  impact  response  to  chemotherapy.  We  therefore 
hypothesize  that  drugs  using  p53 -independent  pathways  would  be  most  efficacious  against 
prostate  cancer. 
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Signaling  pathways  involved  in  the  induction  of  growth  inhibition  or  apoptosis  by  triptolide 
are  not  yet  clear.  An  attempt  to  discern  these  pathways  was  approached  by  cDNA  microarray 
analysis  of  triptolide-treated  normal  and  transformed  bronchial  epithelial  cells.  Triptolide 
reduced  expression  of  cell  cycle  regulators  and  survival  genes  such  as  cyclins  Dl,  B1  and  Al, 
cdc-25,  bcl-x  and  c-jun.‘°  Anti-inflammatory,  antiproliferative  and  proapoptotic  properties  of 
triptolide  have  also  been  associated  with  inhibition  of  NF-kB."’  *^ 

In  our  study,  we  found  dose-dependent  effects  of  triptolide  on  prostatic  epithelial  cells.  Low 
concentrations  of  triptolide  inhibited  growth  and  induced  senescence,  an  irreversible  growth- 
arrested  state  of  cells  that  is  postulated  to  be  important  in  tumor  suppression.  Higher 
concentrations  of  triptolide  triggered  apoptosis.  Interestingly,  apoptosis  was  accompanied  by 
nuclear  accumulation  of  p53.  Our  pre-clinical  findings  support  further  investigation  of 
chemopreventive  and  chemotherapeutic  activity  of  triptolide  against  prostate  cancer. 
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MATERIALS  AND  METHODS 


Cell  Culture  and  Reagents.  Tissue  samples  were  dissected  from  radical  prostatectomy 
specimens.  None  of  the  patients  had  received  prior  chemical,  hormonal  or  radiation  therapy. 
Histological  assessment  was  performed  as  previously  described.  Epithelial  cells  were  cultured 
and  characterized  as  described  previously. Culture  medium  was  MCDB  105  (Sigma- Aldrich, 
St.  Louis,  MO)  supplemented  with  10  ng/ml  of  cholera  toxin,  10  ng/ml  of  epidermal  growth 
factor,  10  pg/ml  of  bovine  pituitary  extract,  4  pg/ml  of  insulin,  1  pg/ml  of  hydrocortisone,  0.1 
mM  phosphoethanolamine,  30  nM  selenium,  0.03  nM  all-trans  retinoic  acid,  2.3  pM  a- 
tocopherol  and  100  pg/ml  gentamycin  (“Complete  MCDB  105”).  The  sources  and  preparation 
of  these  supplements  were  previously  described.*"  Four  cells  strains  used  in  this  study  were 
derived  from  prostatic  adenocarcinomas  of  Gleason  grade  3/3  (E-CA-11),  30%  intraductal 
carcinoma/  70%  Gleason  grade  4  (E-CA-12),  and  Gleason  grade  3/4  (E-CA-13  and  E-CA-14). 
An  additional  cell  strain  (E-PZ-10)  was  derived  from  histologically  normal  tissue  of  the 
peripheral  zone.  Triptolide  (PG490)  was  provided  by  Pharmagenesis  (Palo  Alto,  CA). 

Clonal  Growth  Assay.  Cells  at  --30%  confluency  were  trypsinized,  suspended  in  medium,  and 
centrifuged.  The  cell  pellet  was  suspended  in  HEPES®  at  a  concentration  of  2  x  10^  cells/ml. 
One  hundred  microliters,  containing  500  cells,  were  inoculated  into  each  collagen-coated,  60- 
mm  dish  containing  5  ml  of  Complete  MCDB  105  with  experimental  factors.  Cells  were 
incubated  for  10  days  without  feeding,  and  then  were  fixed  with  10%  formalin  and  stained  with 
crystal  violet.'"  Growth  was  quantitated  with  an  Artek  image  analyzer  (Dynatech,  Chantilly, 
VA),  which  measures  the  total  area  of  the  dish  covered  by  cells.  This  relative  value  has  been 
shown  to  be  directly  proportional  to  cell  number.'^ 
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High  Density  Growth  Assay.  Cells  were  inoculated  at  10^  cells/dish  into  collagen-coated,  60- 
mm  dishes  containing  Complete  MCDB  105.  One  day  later  (day  0),  various  concentrations  (1  - 
100  ng/ml)  of  triptolide  were  added.  Cells  treated  with  diluent  (0.001%  DMSO)  were  included 
as  controls.  After  3  days,  fresh  media  containing  diluent  or  triptolide  were  replaced.  Cells  in 
replicate  dishes  were  counted  by  hemocytometer  following  trypsinization  on  days  0,  3  and  6. 

Cell  Viability.  Loss  of  cell  viability  was  assessed  by  the  trypan  blue  exclusion  method.  Cells 
treated  with  or  without  triptolide  were  harvested  by  trypsinization.  After  incubation  in  0.04% 
trypan  blue  (Sigma-Aldrich)  for  4  minutes,  cells  were  counted  under  a  hemocytometer.  The 
number  of  cells  which  retained  the  dye  (nonviable)  and  the  total  cell  number  were  noted. 

Apoptosis.  Cells  were  inoculated  at  10*  cells/dish  into  collagen-coated,  60-mm  dishes 
containing  Complete  MCDB  105.  One  day  later,  the  medium  was  replaced  and  cells  were 
treated  with  various  concentrations  (1  -  100  ng/ml)  of  triptolide.  Cells  treated  with  diluent 
(0.001%  DMSO)  were  included  as  controls.  After  24,  48  and  72  h\  Hoechst  33342  and 
propidium  iodide  (Sigma-Aldrich)  were  added  to  medium  at  10  iig/ml  and  20  iig/ml, 
respectively.  After  incubation  for  15  min  at  37  C°,  400  cells  from  each  dish  were  counted  (from 
ten  randomly  selected  fields)  under  fluorescence  to  determine  the  proportion  of  viable  and 
apoptotic  cells. 

Cell  Cycle  Analyses.  Semi-confluent  cells  were  fed  fresh  medium  containing  triptolide  (1  or 
50  ng/ml).  Cells  treated  with  diluent  (0.001%  DMSO)  were  included  as  controls.  At  24  and  48 
h,  cells  were  harvested  by  trypsinization,  washed  with  cold  PBS“  and  fixed  by  dropwise  addition 
of  ice-cold  70%  ethanol.  After  1  hour  of  fixation  at  4°C,  cells  were  pelleted,  then  incubated  with 
RNase  A  (50  p-g/ml)  (Sigma-Aldrich)  and  stained  with  propidium  iodide  (20  |ig/ml).  Analyses 
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of  DNA  content  were  carried  out  on  a  FACScan  flow  cytometer  and  cell-cycle  phase  distribution 
was  quantified  using  Cellfit  software. 

Staining  for  SA-P-gar.  Forty  thousand  cells  were  inoculated  into  each  collagen-coated,  60- 
mm  dish  containing  5  ml  of  Complete  MCDB  105.  The  next  day,  cells  were  treated  with  or 
without  1  ng/ml  of  triptolide.  SA-P-gal-  positive  cells  were  detected  by  the  method  of  Dimri  et 
al*®  after  3,  5  and  10  days  of  treatment  with  triptolide.  Cells  were  fed  with  fresh  media  and 
diluent  or  triptolide  on  day  5.  The  presence  of  positive  staining  was  observed  microscopically 
and  photographed. 

Immunoblot  Analyses.  Cells  were  trypsinized  and  centrifuged.  The  cell  pellet  was  washed  in 
ice-cold  PBS,  resuspended  in  UTB“  buffer  (9  M  urea,  75  mM  Tris-HCl,  pH  7.5,  0.15  M  2- 
mercaptoethanol)  and  sonicated  briefly.  The  protein  concentration  was  determined  by  a  BioRad 
assay  (Bio  Rad,  Hercules,  CA).  Typically,  50  or  80  |ag  of  protein  were  separated  by  SDS- 
PAGE®,  transferred  to  PDVF  membranes  (Osmonics,  Westborough,  MA)  and  blocked  in  PBS 
with  5%  non-fat  milk.  Proteins  were  detected  with  the  following  antibodies:  mouse  anti-p53 
mAb“  (DO-1),  mouse  anti-p2r  mAb,  rabbit  anti-pl6"^’^''“  pAb\  rabbit  anti-p27’^'’’’  pAb,  mouse 
anti-bax  mAb,  mouse  anti-hdm-2®  mAb  (SMP14)  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA); 
mouse  anti-bcl-2  mAb  (Chemicon,  Temecula,  CA);  and  mouse  anti-hdm-2  mAb  (2A10)  [a  gift 
from  Dr.  Arnold  Levine,  Princeton  University,  NJ.].'^  Anti-species  HRP^-  conjugated 
secondary  antibodies  were  obtained  from  Dako  (Carpenteria,  CA)  and  visual  detection  was 
performed  using  the  ECL"*  method  (Amersham,  Piscataway,  NJ). 

Immunocytochemistry.  Cells  (inoculated  at  lOVchamber)  were  grown  in  8-chamber  slides 
(Nalge  Nunc  International,  Naperville,  IL),  fixed  with  2%  paraformaldehyde,  and  permeabilized 
with  ethanol.  Non-specific  binding  was  blocked  with  10%  horse  serum,  and  then  cells  were 
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incubated  with  following  primary  antibodies:  mouse  mAb  against  p53  (DO-1)  and  mouse  mAb 
against  p21.  After  rinsing  and  incubating  with  biotinylated  secondary  antibody  (Vector 
Laboratories,  Burlingame,  CA),  labeling  was  detected  with  the  ABC  reagent  (Vector 
Laboratories)  and  the  chromagen  diaminobenzidine.  After  counterstaining  with  hematoxylin,  the 
slides  were  coverslipped  and  examined  microscopically. 
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RESULTS 


Triptolide  inhibited  the  growth  of  prostatic  epithelial  cells.  Clonal  assays  were  used  to  test 
the  effect  of  triptolide  on  the  growth  of  primary  cultures  of  prostatic  epithelial  cells  derived  from 
normal  and  malignant  tissues.  Cells  were  inoculated  at  500  cells  per  dish  into  medium  with  or 
without  triptolide  (0.01  -  1  ng/ml)  and  clonal  growth  was  evaluated  after  10  days  of  incubation. 
Altogether  five  cell  strains,  one  derived  from  normal  peripheral  zone  tissue  and  four  derived 
from  adenocarcinomas,  were  assayed.  Figure  1  shows  that  triptolide  was  growth  inhibitory. 
Complete  growth  inhibition  of  all  cell  strains  occurred  with  1  ng/ml  of  triptolide,  with  half- 
maximal  growth  inhibition  at  ~  0.1  ng/ml  of  triptolide. 

We  then  tested  the  effect  of  triptolide  on  growth  of  higher  density  cell  cultures.  Cells  (10  ^per 
dish)  were  inoculated  into  culture  medium  and  one  day  later  treated  with  or  without  triptolide  (1 
-100  ng/ml).  Cell  numbers  were  determined  on  days  3  and  6.  Two  cell  strains,  one  derived 
from  normal  tissue  (E-PZ-10)  and  one  derived  from  cancer  (E-CA-12),  were  assayed.  As  shown 
in  Figure  2a,  treatment  with  triptolide  inhibited  cell  proliferation  in  a  concentration-dependent 
manner.  Triptolide  at  1  ng/ml,  which  completely  inhibited  clonal  growth,  was  less  inhibitory  in 
high  density  cultures,  with  only  slight  (6%)  inhibition  on  day  3.  However,  after  6  days  of 
treatment  with  1  ng/ml  of  triptolide,  growth  inhibition  was  more  apparent  (38%  reduction  of 
growth  compared  to  control).  Slightly  higher  doses  of  triptolide  (5-15  ng/ml)  inhibited  growth 
by  -30%  at  day  3  and  -90%  at  day  6.  The  highest  concentrations  of  triptolide  (50  and  100 
ng/ml)  caused  loss  of  cells  over  time.  The  response  of  E-CA-12  cells  in  high  density  assays  to 
triptolide  was  comparable  to  E-PZ-10  cells.  On  day  6,  growth  was  inhibited  by  1  ng/ml  of 
triptolide  to  58%  of  control.  With  50  ng/ml  of  triptolide,  cell  number  on  day  6  declined  by  66% 
from  day  0. 
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E-PZ-10  cells  in  this  assay  were  also  incubated  with  trypan  blue  to  evaluate  the  proportion  of 
nonviable  cells  in  treated  versus  untreated  populations.  Concentrations  of  triptolide  >  50  ng/ml 
created  >  90%  nonviable  cells  by  day  3  (Fig.  2b).  By  day  6,  >  90%  of  the  cells  treated  with 
triptolide  concentrations  >  5  ng/ml  were  nonviable.  Cell  viability  declined  by  47%  after  6  days 
of  treatment  with  1  ng/ml  of  triptolide.  Comparable  results  were  seen  with  E-CA-12  cells  (data 
not  shown). 

Induction  of  Apoptosis  by  Triptolide.  After  observing  the  decline  in  cell  viability  caused  by 
triptolide,  particularly  at  the  higher  concentrations,  we  evaluated  the  induction  of  apoptosis  by 
triptolide  (Fig.  3).  For  that  purpose,  E-CA-12  cells  (inoculated  at  lOVdish)  were  stained  with 
Hoechst  33342  and  propidium  iodide  after  24,  48  and  72  h  of  culture  with  or  without  triptolide. 
The  number  of  live  and  apoptotic  cells  was  determined  on  the  basis  of  differential  fluorescence 
and  nuclear  morphology.  The  Hoechst  33342  dye  is  membrane  permeable  and  stains  the  DNA 
of  viable  cells  blue.  Propidium  iodide  does  not  cross  intact  cell  membranes  and  therefore 
incorporates  into  DNA  only  in  apoptotic  cells.  Triptolide  at  1  ng/ml  did  not  cause  apoptosis 
during  the  3-day  period  of  exposure.  After  24  h  of  exposure  to  higher  concentrations  of 
triptolide  (>  50  ng/ml),  a  modest  increase  in  the  apoptotic  rate  was  detected  (at  maximum,  19% 
apoptosis  with  100  ng/ml  of  triptolide  compared  to  7.5%  in  control  populations).  However,  at 
48-72  h,  the  number  of  apoptotic  cells  in  the  treated  populations  increased  substantially, 
especially  with  50  and  100  ng/ml  of  triptolide.  Triptolide  had  similar  effects  on  the  apoptotic 
rate  of  E-PZ-10  cells  (data  not  shown). 

Cell  Cycle  Distribution  with  Low  and  High  Concentrations  of  Triptolide.  Progression  of  cells 
through  the  cell  cycle  was  evaluated  by  flow  cytometric  determination  of  cellular  DNA  content. 
Cell  cycle  analyses  were  performed  on  E-PZ-10  and  E-CA-12  cells  that  had  been  treated  with  1 
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or  50  ng/ml  of  triptolide  for  24  -  72  h  (Table  I).  The  lower  concentration  of  triptolide  (1  ng/ml) 
slightly  increased  the  accumulation  of  the  cells  in  S-phase  after  24  h.  However,  this  effect  was 
transient  and  not  present  at  72  h.  Triptolide  at  50  ng/ml  for  24  h  increased  the  proportion  of  E- 
PZ-10  cells  in  S-phase  from  20.3%  in  untreated  cells  to  32.3%  in  treated  cells,  and  in  E-CA-12 
from  22.8%  to  30.5%.  While  the  percentage  of  cells  in  the  S-phase  in  untreated  populations 
declined  with  time,  the  percentage  of  cells  in  the  S-phase  in  treated  populations  remained 
elevated. 

Senescence  of  Cells  Treated  with  Low  Concentrations  of  Triptolide.  We  found  that  1  ng/ml  of 
triptolide  completely  inhibited  clonal  growth  of  normal  and  cancer-derived  prostatic  epithelial 
cells  (Fig.  1).  However,  inhibition  was  cell  density-dependent,  and  higher  concentrations  of 
triptolide  were  required  to  completely  inhibit  the  growth  of  higher  density  cultures.  We  also 
observed  that  1  ng/ml  of  triptolide  did  not  induce  apoptosis  in  high  density  cultures  (see  previous 
sections  and  Fig.  3).  We  considered  the  possibility  that  senescence  might  be  involved  in  growth 
inhibition  of  prostatic  epithelial  cells  by  low  doses  of  triptolide.  SA-^-gal  assays  were 
conducted  to  address  this  possibility.  Semi-confluent  cultures  of  normal  and  cancer-derived  cells 
(E-PZ-10  and  E-CA-13)  were  treated  with  or  without  1  ng/ml  of  triptolide  for  up  to  10  days. 
SA-P-gal  activity  was  found  to  be  minimal  in  untreated  cells  throughout  the  course  of  the 
experiment.  In  contrast,  significant  SA-^-gal  activity,  as  evidenced  by  blue  cytoplasmic 
staining,  was  noted  in  normal  cells  after  5  days  of  triptolide  treatment  (Fig.  4).  SA-^-gal  activity 
became  somewhat  more  pronounced  after  10  days  (data  not  shown).  Cancer-derived  cells 
exhibited  relatively  faint  levels  of  SA-P-gal  after  5  days  of  treatment  with  triptolide  compared  to 
normal  cells.  Blue  staining  was  more  evident  after  10  days  of  treatment  of  cancer-derived  cells 
(data  not  shown). 
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Modulation  of  Signaling  Pathways  by  Low  Concentration  ofTriptolide.  Triptolide  at  1  ng/ml 
inhibited  clonal  growth  as  well  as  high-density  cell  proliferation  after  6  days  of  incubation.  This 
concentration  of  triptolide  also  induced  SA-^-gal,  a  marker  of  senescence.  We  wanted  to  further 
investigate  the  possible  molecular  pathways  associated  with  the  observed  inhibition  of  cell 
proliferation  and  induction  of  senescence  by  low  concentrations  of  triptolide.  Expression  of  p53 
protein  and  cell  cycle  regulators  p21  and  p27^’'’’  were  investigated  in  E-CA-12  and  E- 

PZ-10  cells  after  3,  5  and  10  days  of  exposure  to  1  ng/ml  of  triptolide.  These  time  points 
corresponded  to  those  at  which  expression  of  SA-P-gal  became  apparent.  None  of  these  proteins 
were  altered  in  E-CA-12  (Fig.  5)  or  E-PZ-10  (data  not  shown)  cells  by  1  ng/ml  of  triptolide. 
Protein  levels  of  p53  were  also  analyzed  at  earlier  time  points  (6  and  24  h  after  exposure  to 
triptolide)  in  E-PZ-10  and  E-CA-11  cells.  No  changes  in  p53  protein  levels  were  observed  at 
these  time  points  (data  not  shown). 

Modulation  of  Signaling  Pathways  by  High  Concentration  of  Triptolide.  Higher 
concentrations  of  triptolide  were  shown  to  induce  apoptotic  cell  death.  Since  p53  may  trigger 
apoptosis,  we  investigated  the  expression  of  p53  in  E-CA-12  and  E-PZ-10  cells  after  6,  24,  48 
and  72  h  of  treatment  with  50  ng/ml  of  triptolide.  Triptolide  increased  p53  levels  in  E-CA-12 
cells  at  6  h,  reaching  a  maximum  after  24  and  48  h  (Fig.  6a).  Levels  of  p53  declined  towards 
basal  level  after  72  h  of  exposure  to  triptolide.  Similar  patterns  of  p53  expression  were  observed 
in  E-PZ-10  cells  (Fig.  6b,  72  h  time  point  not  shown). 

The  expression  levels  of  p53  target  gene  products  (hdm-2,  p21,  bax  and  bcl-2)  and  other  p53- 
independent  cell  cycle  regulators  (pl6‘'^‘^'‘“  and  p27’^'’’‘)  were  also  analyzed  in  immunoblots. 
Triptolide  decreased  levels  of  the  intact,  90  kDa  hdm-2  protein  in  E-CA-12  and  E-PZ-10  (data 
not  shown)  cell  strains  significantly  after  24  h  as  detected  by  the  hmd2-specific  2A10  (Fig.  6a) 


and  SMP14  monoclonal  antibodies  (data  not  shown).  Cleaved  forms  of  Hdm-2  (60  kDa) 
detected  by  the  same  hdm-2-specific  antibodies  increased  steadily  after  24  h  of  treatment  with 
triptolide  in  E-CA-12  (Fig.  6a,  results  with  mAb  2A10  against  60  kDa  hdm-2  not  shown)  and  E- 
PZ-10  cells  (data  not  shown). 

Triptolide  (50  ng/ml)  reduced  p21  levels  in  E-PZ-10  cells  below  the  basal  expression  level  of 
this  protein  at  24  h  (Fig.  6b).  The  non-p53-regulated  cell  cycle  inhibitor  p27*^‘’’‘  declined  in 
triptolide-treated  cells  in  a  similar  manner  to  p21  (Fig.  6b).  No  changes  in  the  non-p53-regulated 
cell  cycle  inhibitor  pl6'’^'^'‘®  were  found  after  triptolide  treatment  (Fig.  6b).  Triptolide  reduced 
levels  of  the  anti-apoptotic  protein,  bcl-2,  after  48  -  72  h  (72  h  not  shown).  The  decline  in  bcl-2 
levels  corresponded  with  43%  and  79%  of  cells  undergoing  apoptotic  cell  death  at  48  and  72  h, 
respectively,  in  response  to  50  ng/ml  of  triptolide  (Fig.  3  and  6b).  No  change  in  expression  of 
the  p53  target  and  proapoptotic  protein  bax  was  found  after  triptolide  treatment  (Fig.  6b). 
Effects  on  signaling  pathways  (p21,  p27*“‘’',  pl6^‘^''’  and  bax)  by  triptolide  in  E-CA-12  cells  were 
similar  to  E-PZ-10  cells  (data  not  shown).  The  decline  in  bcl-2  levels  was  not  so  obvious  in  E- 
CA-12  cells  compared  to  E-PZ-10  cells,  because  the  basal  level  of  expression  of  bcl-2  in  E-CA- 
12  cells  was  relatively  low  compared  to  E-PZ-10  cells. 

Immunocytochemical  Analyses  of  p53  and  p2L  We  wanted  to  further  explore  the  dose- 
dependent  responses  of  p53  and  p21  to  triptolide  after  observing  the  changes  in  the  levels  of 
these  proteins  after  treatment  with  50  but  not  1  ng/ml  of  triptolide.  E-PZ-10  cells  were  treated 
with  triptolide  (1-100  ng/ml)  and  the  levels  and  intracellular  localization  of  p53  and  p21  were 
analyzed  after  24  h  by  immunocytochemistry.  A  dose-dependent  accumulation  of  p53  was  seen 
in  nuclei  of  E-PZ-10  cells  (Fig.  1,  a  -  d).  The  nuclear  accumulation  of  p53  became  evident  with 
concentrations  of  triptolide  >  10  ng/ml.  Levels  of  the  p53  target  protein  p21  were  seen  to  decline 
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at  24  h.  Decreased  expression  of  p21  was  most  evident  with  >  50  ng/ml  of  triptolide  (Fig.  l,e  - 
h).  A  similar  dose  response  was  evaluated  with  E-PZ-10  cells  and  protein  levels  of  p53  and  p21 
were  analyzed  by  immunoblot.  Total  protein  data  showed  that  15  ng/ml  of  triptolide  was 
sufficient  to  induce  p53  accumulation  at  24  h  (data  not  shown).  Comparable  to  results  from 
immunocytochemistry,  only  higher  concentrations  of  triptolide  (50  and  100  ng/ml)  reduced  p21 
levels  when  protein  levels  were  analyzed  on  immunoblots  (data  not  shown). 
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DISCUSSION 


Chemotherapy  for  prostate  cancer  is  still  of  limited  efficacy  although  development  of  several 
promising  new  modalities  is  under  way.’*  Our  previous  studies  on  the  role  of  p53  in  mediating 
growth  inhibition  or  apoptosis  of  prostate  cancer  cells  by  DNA  damage-  inducing  drugs  and  y- 
irradiation  led  us  to  suggest  that  drugs  that  work  through  p53 -independent  mechanisms  might  be 
most  useful  for  treating  prostate  cancer,  even  those  cancers  that  retain  wild- type  p53.  Previous 
studies  reported  that  triptolide  inhibited  growth  and  induced  apoptosis  of  HL-60  cancer  cells  in  a 
p5 3 -independent  manner.'’  However,  a  more  recent  study  by  Chang  et  al.’^  showed  that 
triptolide-mediated  enhancement  of  chemotherapy-induced  apoptosis  was  accompanied  by 
enhanced  translation  and  accumulation  of  wild-type  p53  protein  in  HT1080  cells.  Altogether 
these  results  suggest  that  triptolide  may  use  multiple  signaling  pathways,  some  perhaps  involving 
p53,  when  causing  cell  death.  We  decided  to  test  the  effects  of  triptolide  on  primary  cultures  of 
prostatic  epithelial  cells  to  see  if  this  type  of  reagent  would  show  anti-tumor  activity. 

Our  results  demonstrate  that  triptolide  indeed  exhibits  many  anti-tumor  activities  against 
prostate  cells  in  a  dose-dependent  manner.  Low  concentrations  of  triptolide  (1  ng/ml)  inhibited 
growth  completely  in  clonal  assays  and  partially  in  high  cell  density  assays.  Growth  inhibition 
with  1  ng/ml  of  triptolide  was  accompanied  by  the  induction  of  SA-P-gal  activity,  a  widely  used 
marker  of  senescence.  In  addition  to  expression  of  SA-(3-gal,  cells  adopted  several 
morphological  changes  that  have  been  associated  with  a  senescent-like  phenotype.^®’  These 
changes  included  an  enlarged  and  flattened  shape  and  the  development  of  vacuoles. 

We  did  not  observe  any  regulation  of  p53,  p21,  p27^''’'  or  plb^"^®  in  prostatic  epithelial  cells 
in  response  to  1  ng/ml  of  triptolide,  despite  the  induction  of  a  senescent-like  phenotype. 
Replicative  senescence  of  prostatic  epithelial  cells,  in  contrast  to  fibroblasts,  does  not  seem  to 
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involve  p53  or  However,  increased  expression  of  pi was  found  in  association 

with  replicative  senescence  of  prostatic  epithelial  cells, which  was  not  the  case  for  the 
senescent-like  phenotype  induced  by  triptolide.  A  number  of  factors  have  been  reported  to 
induce  a  senescent-like  state  in  cells,  but  it  is  not  known  if  this  phenotype  is  exactly  equivalent  to 
replicative  senescence.^®’ 

Higher  concentrations  of  triptolide  (15  -  100  ng/ml)  effectively  inhibited  high  density  cell 
growth,  and  50  -  100  ng/ml  of  triptolide  induced  apoptosis  in  the  majority  of  cells  after  3  days  of 
treatment.  High  doses  of  triptolide  caused  a  number  of  molecular  changes  in  prostatic  epithelial 
cells  in  conjunction  with  the  induction  of  apoptosis.  Interestingly,  protein  levels  of  p53  were 
significantly  increased  and  predominantly  accumulated  in  the  nuclei  of  prostatic  epithelial  cells. 
However,  we  did  not  find  induction  of  p53  downstream  target  genes  (such  as  hdm-2,  p21  or 
bax),  as  has  been  described  to  accompany  p53-mediated  apoptosis  in  response  to  cellular  stresses 
such  as  DNA  damage.^^’  On  the  contrary,  protein  levels  of  many  p53  target  genes  were 
reduced  after  triptolide  treatment.  For  example,  our  results  showed  reduction  of  hmd-2  (the 
intact  90  kDa  form)  after  triptolide  treatment.  Given  that  hdm-2  targets  p53  for  degradation,^^ 
the  reduction  in  hdm-2  protein  could  partially  provide  an  explanation  for  the  observed  sustained 
elevation  of  p53.  Reduction  of  90  kDa  hdm-2  was  detected  by  two  antibodies,  2A10  and 
SMP14.  The  former  antibody  does  not  bind  hdm-2  protein  that  is  phosphorylated  in  the  middle 
portion  of  the  molecule.^*  However,  the  fact  that  lower  levels  of  hdm-2  were  also  detected  by 
SMP14,  whose  reactivity  with  hdm-2  is  not  altered  by  phosphorylation,  suggests  that  total 
protein  was  decreased. 

As  the  intact,  90  kDa  form  of  hdm-2  protein  decreased  in  response  to  triptolide,  a  60  kDa 
form  of  hdm-2  accumulated.  It  has  been  reported  that  mdm-2,  the  mouse  homologue  of  hdm-2. 
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is  a  substrate  for  proteases  involved  in  apoptosis  that  share  specificity  with  CPP32  (caspase-3). 
These  proteases  cleave  mdm-2  at  residue  361,  generating  a  60  kDa  fragment. More  recently, 
work  from  the  same  investigators  showed  that  a  distinct  caspase  activity  for  hdm-2  was  induced 
by  p53  prior  to  the  onset  of  apoptosis  in  H1299  cells  expressing  a  temperature-sensitive  human 
p53.^'  The  p53  binding  and  inhibitory  functions  of  hdm-2  have  not  been  reported  to  be  affected 
by  the  cleavage.  However,  cleaved  hdm-2  has  been  reported  to  be  unable  to  promote  p53 
degradation  and  may  function  in  a  dominant-negative  fashion  to  stabilize  p53.^^’  The 
relationship  of  cleaved  hdm-2  to  accumulation  of  p53  and  apoptosis  in  prostatic  epithelial  cells  in 
response  to  ttiptolide  is  under  investigation. 

Another  interesting  feature  associated  with  the  induction  of  p53  by  triptolide  in  prostate  cells 
and  in  other  cells'^  was  decreased  p21  expression.  Reduction  in  p21  protein  levels  by  triptolide 
was  reported  to  be  due  to  transcriptional  inhibition  of  p21,  and  triptolide  did  not  affect  p21 
expression  in  the  p53-mutant  HT29  colon  cancer  cell  line.'^  However,  caspase-mediated 
cleavage  of  p21  has  also  been  reported, so  we  cannot  rule  out  the  possibility  that  reduced 
levels  of  p21  protein  may  be  a  consequence  of  apoptosis  and  not  directly  mediated  by  p53  in 
prostatic  cells.  It  has  been  reported  that  the  p21  protein  can  antagonize  p5 3 -mediated  apoptosis, 
as  the  induction  of  endogenous  p21  or  overexpression  of  a  p21  transgene  prevents  apoptosis. 
Chang  et  al.  showed  that  triptolide  blocked  doxorubicin-mediated  induction  of  p21and 
accumulation  of  cells  in  G2/M.’^  Together,  doxorubicin  and  triptolide  showed  cooperative 
proapoptotic  effects.  The  investigators  proposed  that  triptolide,  by  blocking  p21 -mediated 
growth  arrest,  caused  conflicting  cell  cycle  checkpoints  that  enhanced  apoptosis.  These  results 
stimulate  further  investigation  of  triptolide  not  only  as  a  single  agent  but  also  in  combination 
with  other  cytotoxic  drugs  for  cancer  treatment. 
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Apoptosis  was  also  associated  with  reduction  of  the  p53  target  gene  product  and  anti- 
apoptotic  bcl-2  protein.  Protein  levels  of  the  pro-apoptotic  protein  bax  remained  unchanged. 
The  increased  ratio  of  bax/bcl-2  may  have  a  role  in  the  induction  of  apoptosis  by  triptolide. 

Triptolide  also  reduced  expression  of  p27’“‘’\  which  is  not  a  direct  target  of  p53.  Reduction  in 
p27Kipi  protein  can  be  due  to  S-phase  block  and  activity  of  ubiquitin  protein  ligase  p45^’^  that  is 
known  to  promote  p27‘^'‘’'  degradation  and  induction  of  S-phase.^®’  Therefore,  the  reduced 
levels  of  p27''^‘P’  that  we  observed  may  be  a  consequence  of  the  S-phase  arrest  induced  in 
prostatic  cells  by  triptolide.  Alternatively,  reduction  of  p27’^''’’  protein  levels  could  reflect 
caspase  activity  in  conjunction  with  apoptosis.^^ 

Further  investigations  are  underway  to  determine  if  upregulation  of  p53  is  coincidental  to  or 
required  for  the  induction  of  apoptosis  by  triptolide  in  prostatic  cells.  Nevertheless,  it  is 
noteworthy  that  triptolide  is  one  of  the  few  agents  that  we  have  found  to  induce  p53  in  primary 
cultures  of  prostatic  epithelial  cells.  DNA-damaging  drugs  and  y-irradiation  do  not  induce  p53  in 
these  cells,  and  the  signaling  pathway  used  by  these  agents  to  activate  p53  appears  nonfunctional 
in  prostatic  cells.  It  is  known  that  p53  can  trigger  apoptosis  through  both  trans activation- 
dependent^^  and  transactivation-independent  mechanisms.'’®  For  instance,  Koumenis  et  ah'” 
reported  that  hypoxia-induced  p5  3 -dependent  apoptosis  failed  to  induce  endogenous  downstream 
p53  effector  mRNAs  and  proteins.  Disparate  mechanisms  of  p53-mediated  apoptosis  exist  and  it 
is  believed  that  different  types  of  stresses  use  different  signaling  pathways  to  activate  p53.''^ 
Identification  of  agents  such  as  triptolide  that  activate  p53  and/or  apoptosis  in  prostate  cancer 
cells  may  be  very  relevant  to  developing  novel  therapeutic  drugs. 

The  dose-dependent  effects  of  triptolide  are  reminiscent  of  those  of  certain  other  compounds 
that  have  been  studied  for  anti-tumor  activity.  The  microtubule  inhibitor  paclitaxel  is  an 
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example  of  a  compound  that  at  low  concentrations  was  reported  to  induce  mitotic  arrest  in 
several  types  of  cancer  cells,  but  at  high  concentrations  triggered  rapid  apoptosis/^  Another 
example  is  the  induction  of  senescence  in  normal  human  fibroblasts  by  low  concentrations  of 
hydrogen  peroxide  and  apoptosis  in  response  to  high  concentrations  of  hydrogen  peroxide.'*'^  The 
effects  of  different  doses  of  triptolide  on  prostatic  epithelial  cells  might  be  exploited  for  different 
applications.  The  moderate  growth-inhibitory  activity  and  induction  of  senescence  by  low  doses 
of  triptolide  might  be  appropriate  for  chemopreventive  strategies  against  prostate  cancer.  The 
fact  that  normal  as  well  as  cancer-derived  cells  responded  to  triptolide  is  supportive  of  this 
possibility.  The  proapoptotic  activity  of  higher  doses  of  triptolide  might  be  more  suitable  for 
chemotherapeutic  applications.  It  is  noteworthy  that  primary  cultures  of  prostatic  cancer  cells,  in 
contrast  to  established  cell  lines,  are  very  resistant  to  apoptosis.  We  have  identified  few  agents 
capable  of  causing  apoptosis  in  these  celts,  so  if  this  resistance  to  cell  death  is  reflective  of 
cancer  in  vivo,  then  any  compound  capable  of  inducing  apoptosis  of  primary  cultures  may  be 
particularly  worthy  of  further  investigation. 
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FIGURE  LEGENDS 


FIGURE  1.  Clonal  growth  response  to  triptolide.  Five  prostatic  epithelial  cell  strains,  four 
derived  from  cancer  and  one  from  normal  tissue,  were  inoculated  at  500  cells/dish  and  grown  in 
the  presence  of  varying  concentrations  of  triptolide  for  10  days.  Growth  of  each  cell  strain 
without  triptolide  was  set  as  100%.  Each  point  represents  the  average  value  from  two  separate 
experiments,  with  triplicate  dishes  in  each  experiment,  ±  SEM. 

FIGURE  2.  Growth  response  to  triptolide  in  high  cell  density  cultures,  {a),  E-PZ-10  cells 
were  inoculated  at  lOVdish.  The  next  day  (day  0),  cell  number  was  determined  in  triplicate 
dishes  and  replicate  dishes  were  treated  with  varying  concentrations  of  triptolide.  Fresh  medium 
with  or  without  triptolide  was  replaced  on  day  3.  The  number  of  attached  cells  per  dish  was 
determined  at  the  indicated  times.  Each  point  represents  the  average  value  from  two  to  three 
replicate  dishes  ±  SEM.  {b),  loss  of  viability  of  E-PZ-10  cells  in  the  assay  described  in  panel  A 
as  determined  by  trypan  blue  exclusion.  Each  bar  represents  the  average  value  from  two  to  three 
replicate  dishes  +  SEM. 

FIGURE  3.  Induction  of  apoptosis  by  triptolide.  E-CA-12  cells  were  treated  with  various 
concentrations  of  triptolide  (1  -  100  ng/ml)  for  24-72  h.  The  amount  of  apoptosis  was  quantified 
by  Hoechst  33342/propidium  iodide  staining  of  nuclear  DNA  in  conjunction  with  nuclear 
morphology.  Four  hundred  cells  were  randomly  selected  and  the  number  of  cells  with  normal 
and  abnormal  nuclei  was  noted  for  each  treatment.  Data  represents  the  mean  (±  SEM)  of  two 
separate  experiments. 
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FIGURE  4.  SA-P-gal  expression  in  triptolide-treated  cells.  E-PZ-10  cells  were  treated  with 
or  without  1  ng/ml  of  triptolide  for  5  days,  then  were  stained  for  SA  P-gal  activity.  Staining  was 
minimal  in  untreated  cultures,  but  substantial  in  treated  populations  (dark  cells). 

FIGURE  5.  Western  blot  analysis  of  p53  and  cell  cycle  regulators  after  incubation  of  E-CA- 
12  cells  for  3,  5  and  10  days  with  1  ng/ml  of  triptolide.  Cells  were  fed  fresh  media  with 
triptolide  (+)  or  with  diluent  (-)  on  days  0,  2,  4,  7  and  9.  Cell  extracts  were  prepared  and  the 
equivalent  of  50  or  80  pg  (p2l'''^'’‘^^''’‘ panel)  of  protein  per  lane  was  subjected  to  SDS-PAGE. 
Blots  were  prepared  and  labeled  with  antibodies  against  p53,  p21,  p27“’’\  and  plb'^’^'*®. 

FIGURE  6.  Molecular  changes  with  high  concentration  of  triptolide.  (a),  p53  and  hdm-2  in 
E-CA-12  cells  in  response  to  50  ng/ml  of  triptolide  (+)  or  diluent  (-)  were  evaluated  at  6  -  72  h 
by  Western  blot.  Anti-hmd-2  2A10  mAb  was  used  to  detect  the  intact,  90  kDa  hdm-2  protein, 
and  anti-hdm-2  SMP14  mAb  was  used  to  detect  the  60  kDa  hdm-2.  Cell  extracts  were  prepared 
and  the  equivalent  of  50  pg  of  protein  per  lane  was  subjected  to  SDS-PAGE.  (b),  p53, 
p2jWAFi/ciPi^  p2'7Kipi  pi6iNK4a  ^  and  bax  were  evaluated  by  Western  blot  after  incubation  of  E- 
PZ-10  cells  for  6  -  48  h  with  50  ng/ml  of  triptolide  (+)  or  diluent  (-).  Cell  extracts  were  prepared 
and  the  equivalent  of  50  pg  of  protein  per  lane  was  subjected  to  SDS-PAGE.  The  cell  extract 
from  diluent  -treated  E-PZ-10  cells  was  included  as  a  control  at  each  indicated  time  point. 

FIGURE  7.  Immunocytochemical  localization  of  p53  and  p21  in  prostatic  epithelial  cells 
after  triptolide  treatment.  E-PZ-10  cells  (10'*)  were  inoculated  onto  8-well  chamber  slides  and 
allowed  to  attach  overnight.  Diluent  [a)  and  e)]  or  triptolide  [1  ng/ml,  b)  and /),  10  ng/ml,  c)  and 
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g),  or  50  ng/ml,  d)  and  h)]  was  then  added  for  24  h  before  cells  were  fixed,  stained  and  mounted. 
In  a)  -  d),  p53  expression  was  detected  by  anti-p53  mAb  DO-1.  In  e)  -  h),  p21  expression  was 
detected  by  anti-p21^'^^''^^^^’  mAb. 
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ABSTRACT 

In  both  transformed  and  untransformed  cells,  oncogenic  signals  and  stress-inducing 
stimuli  such  as  DNA  damage  result  in  the  stabilization  and  activation  of  the  tumor  suppressor 
protein  p53.  Previous  studies  have  suggested  that  human  prostatic  epithelial  cells  derived  from 
normal  tissues  and  adenocarcinomas  are  defective  in  their  ability  to  upregulate  wild-type  p53 
after  DNA  damage  induced  by  ionizing  radiation  or  chemicals.  This  dysfunctional  regulation  of 
p53  may  explain  both  the  high  frequency  of  prostate  cancer  and  its  resistance  to  conventional 
chemotherapeutic  intervention.  Leptomycin  B  (LMB)  has  recently  been  found  to  increase  both 
the  protein  level  and  transcriptional  activity  of  p53  by  interfering  with  HDM2-dependent 
nucleocytoplasmic  export  and  subsequent  degradation  by  the  proteasome.  Experiments 
presented  here  demonstrate  that  treatment  of  prostatic  epithelial  cells  with  LMB  leads  to  post- 
translational  stabilization  of  p53,  activation  of  downstream  target  genes  and  induction  of  cell 
cycle  arrest.  LMB-treatment  of  LNCaP  cells,  an  established  prostatic  cancer  cell  line  with  wild- 
type  p53,  caused  apoptosis.  Therefore,  the  ability  of  LMB  to  stabilize  p53  and  induce  expression 
of  p53-responsive  growth  inhibitory  genes  may  be  a  useful  lead  in  the  development  of 
therapeutic  small  molecules  that  can  modulate  p53  function  in  prostate  cancer. 
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INTRODUCTION 

Prostate  cancer  occurs  at  an  extremely  high  frequency,  with  an  estimated  180,000  men 
diagnosed  in  the  US  in  1999  alone  (1).  Cancers  predominantly  arise  in  the  peripheral  zone  of  the 
prostate  (2),  display  short-term  responsiveness  to  androgen  ablation  therapy  and  are 
characteristically  resistant  to  chemotherapy  (3).  Once  metastasis  has  occurred,  very  few 
treatment  options  are  available  and  are  of  limited  efficacy.  Despite  investigation  of  the  roles  of 
known  oncogenes  and  tumor  suppressor  genes,  only  a  rudimentary  understanding  of  the 
moleeular  events  that  initiate  and  drive  the  progression  of  this  disease  exists.  As  for  cancer  in 
general,  the  long-term  goal  for  the  treatment  of  prostate  cancer  remains  the  targeting  of  tumors 
via  specific  therapeutic  manipulation  of  molecules  or  pathways  that  could  impinge  on  tumor  cell 
growth  or  activate  cell  death. 

Previous  studies  have  indicated  that  normal  prostatic  epithelial  cells  and  the  majority  of 
prostatic  adenocarcinomas  contain  a  wild-type  form  of  the  tumor  suppressor  p53  (4).  P53 
normally  responds  to  different  forms  of  cellular  stress  by  targeting  the  activation  of  checkpoint 
genes  that  inhibit  cell  cycle  progression  [such  as  cyclin-dependent  kinase  inhibitor 
(5)],  and/or  trigger  apoptotic  cell  death  [reviewed  in  (6);  (7)].  Stimuli  that  activate  p53  include 
ionizing  and  non-ionizing  radiation,  ribonucleotide  depletion,  microtubule  disruption,  hypoxia, 
oncogenes  and  chemotherapeutic  drugs.  Modulation  of  the  p53  molecule  is  in  part  achieved  by 
post-translational  modifications  such  as  phosphorylation  and  acetylation  which  promote  the 
formation  of  specific  interactions  with  other  proteins  and  target  gene  regulatory  elements 
[reviewed  in  (8)].  Loss  of  p53  activity  via  mutation,  deletion  or  inactivation  by  endogenous  or 
viral  oncogenes  leads  to  the  propagation  of  DNA  damage,  resulting  in  genetic  instability. 
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Levels  of  p53  are  tightly  regulated  in  normal  unstressed  cells  by  the  human  homolog  of 
the  murine  double  minute  2  gene  product,  HDM2^.  The  hdm2  gene  itself  is  activated  by  p53, 
creating  an  autoregulatory  feedback  loop  that  controls  the  level  of  both  proteins  [reviewed  in 
(9)].  The  hdm2  gene  has  been  found  to  be  overexpressed  in  several  human  tumors  (10)  and 
contributes  to  the  oncogenic  progression  of  cells,  partially  through  binding  the  N-terminus  of  p53 
(11).  The  HDM2  oncoprotein  acts  as  a  ubiquitin  E3  ligase  for  p53  (11),  triggers  the  rapid 
removal  of  p53  from  the  nucleus  and  stimulates  the  degradation  of  p53  (12,  13). 

Work  recently  conducted  in  this  laboratory  has  demonstrated  that  primary  cultures  of 
prostatic  epithelial  cells  do  not  upregulate  p53  protein  in  response  to  y-irradiation  or  other 
stresses  such  as  hypoxia  and  DNA-damaging  drugs  (14).  In  the  absence  of  p53  stabilization  and 
activation,  transcriptional  targets  of  p53  such  as  the  gene  were  not  induced,  and 

prostatic  cells  did  not  undergo  Gi  cell  cycle  arrest  or  apoptosis.  Since  stabilization  of  p53  in 
response  to  stress  stimuli  and  activation  of  target  genes  involved  in  growth  arrest/apoptosis  are 
considered  to  be  central  to  its  role  as  a  tumor  suppressor  protein,  it  is  plausible  that  the  apparent 
lack  of  p53  activation  might  be  the  basis  for  the  high  incidence  of  cancer  in  the  prostate  (14). 
Furthermore,  since  many  standard  chemotherapeutic  agents  induce  growth  arrest  or  death  via 
p53-mediated  pathways,  lack  of  functional  p53  could  contribute  to  resistance  of  prostate  cancer 
to  such  drugs. 

Recently  the  antifungal  antibiotic  Leptomycin  B  (LMB)  has  been  shown  to  inhibit  protein 
export  from  the  nueleus  to  the  cytoplasm  by  binding  CRMl/exportin  1  (15),  a  receptor  that 
mediates  nuclear  export  of  proteins  containing  a  leucine  rich  nuclear  export  signal  (NFS).  LMB 
blocks  the  nuclear  export  of  important  regulatory  proteins  such  as  cyclin  B1  (16),  mitogen 
activated  protein  kinase  (MAPK)  (17),  the  catalytic  subunit  of  human  telomerase,  hTERT  (18), 
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and  causes  the  nuclear  accumulation  of  inactive  NF-KB/lKBa  complexes  (19).  The  description 
of  an  NES  in  the  HDM2  oncoprotein  (20),  as  well  as  in  the  p53  protein  (21),  suggests  that  the 
HDM2-directed  export  of  p53  from  the  nucleus  is  also  mediated  by  CRMl/exportin  (22,  23). 

In  this  study  we  used  LMB  to  determine  if  p53  could  be  stabilized  in  primary  prostatic 
epithelial  cell  strains  and,  if  so,  whether  p53  protein  was  competent  to  transcriptionally  activate 
downstream  target  genes  such  as  and  HDM2.  Treatment  with  LMB  resulted  in 

nuclear  accumulation  of  p53  protein,  induction  of  p2  and  HDM2,  and  growth  arrest  in 

primary  cell  strains.  LMB-treatment  led  to  apoptotic  cell  death  of  a  prostate  cancer  cell  line 
(LNCaP)  containing  wild-type  p53,  but  had  little  effect  on  p53-deficient  DU  145  prostate  cancer 
cells.  These  results  suggest  that  restoration  of  p53  function  in  prostatic  epithelial  cells  by  LMB 
may  serve  as  a  paradigm  for  the  development  of  future  therapeutic  agents  for  the  treatment  of 


prostate  cancer. 
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Materials  and  Methods 

Cell  culture.  Tissue  samples  were  dissected  from  radical  prostatectomy  specimens.  None  of  the 
patients  had  received  prior  chemical,  hormonal  or  radiation  therapy.  Histological  assessment 
was  performed  by  Dr.  John  McNeal  as  previously  described  (24).  Epithelial  cells  were  cultured 
and  characterized  as  described  previously  (25).  The  cell  strains  used  in  this  study  (E-PZ-1  and 
E-PZ-2)  were  derived  from  histologically  normal  tissue  with  no  evidence  of  cancer.  Prostatic 
cancer  cell  lines  LNCaP,  PC-3  and  DU  145  were  obtained  from  the  American  Type  Culture 
Collection  (Rockville,  MD).  LNCaP  and  DU  145  cells  were  cultured  in  MCDB  105  (Sigma- 
Aldrich,  St  Louis,  MO)  and  DME  (Gibco-BRL,  Grand  Island,  NY)  respectively,  containing  10% 
fetal  bovine  serum  (Gemini  Bioproducts,  Woodland,  CA)  and  gentamicin.  PC-3  cells  were 
cultured  in  PFMR-4A  (25)  medium  containing  1%  fetal  bovine  serum  (Gemini  Bioproducts)  and 
gentamicin. 

Reagents.  Leptomycin  B  (10  pg/ml  stock  in  ethanol)  was  a  gift  from  Dr.  Minoru  Yoshida 
(University  of  Tokyo).  MG  132  and  Actinomycin  D  were  obtained  from  Sigma-Aldrich  and 
Biomol  (Plymouth  Meeting,  PA),  respectively. 

Immunoblot  analysis.  Cells  were  initially  washed  in  ice  cold  PBS  before  being  scraped  off  the 
plate  with  a  rubber  policeman.  The  cells  were  pelleted  and  resuspended  in  UTB  buffer  (9  M 
urea,  75  mM  Tris-HCl,  pH  7.5,  0.15  M  2-mercaptoethanol)  and  sonicated  briefly.  The  protein 
concentration  was  determined  by  a  BioRad  assay  (Bio  Rad,  Hercules,  CA).  Typically,  50  pg  of 
protein  were  separated  on  sodium  dodecyl  sulfate  (SDS)-polyacrylamide  gels,  transferred  to 
PDVF  membranes  (Osmonics,  Westborough,  MA)  and  blocked  in  phosphate-buffered  saline 
(PBS)  with  5%  non-fat  milk.  Proteins  were  detected  with  the  following  antibodies:  mouse  mAb 
against  p53  (DO-1),  polyclonal  rabbit  anti-p27'‘"’',  polyclonal  rabbit  anti-pl6"^’^‘'"and  polyclonal 
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rabbit  anti-NFKB  (Santa  Craz  Biotechnology,  Santa  Cruz,  CA);  mouse  mAb  against 
(Chemicon  International  Inc.,  Temecula,  CA);  and  mouse  mAb  2A10  to  HDM2  [a  gift  from  Dr 
A.  Levine,  Princeton  University  (26)].  Mouse  ascites  against  actin,  mouse  mAb  anti-Rb  and 
anti-keratin  1 8  were  obtained  from  Sigma- Aldrich,  Pharmingen  (San  Diego,  C A)  and  Biogenex 
(San  Ramon,  CA),  respectively.  Anti  species-HRP  conjugated  secondary  antibodies  were 
obtained  from  Dako  and  visual  detection  was  performed  using  the  enhanced  chemiluminescence 
(ECL)  method  (Amersham,  Piscataway,  NJ).  Signals  obtained  were  subjected  to  desitometric 
analysis  using  the  UN-SCAN-IT  gel  digitizing  software  (Silk  Scientific  Inc,  Orem,  UT). 
Immunocytochemistry.  Cells  were  grown  in  chamber  slides  (Nalge  Nunc  International, 
Naperville,  IL),  fixed  with  paraformaldehyde,  and  permeabilized  with  EtOH.  Non-specific 
binding  was  blocked  with  horse  serum,  and  then  cells  were  incubated  with  primary  antibody. 
After  rinsing  and  incubating  with  biotinylated  secondary  antibody  (Vector  Laboratories, 
Burlingame,  CA),  labeling  was  detected  with  the  ABC  reagent  (Vector  Laboratories)  and  the 
chromagen  diaminobenzidine.  After  counterstaining  with  hematoxylin,  the  slides  were 
coverslipped  and  examined  microscopically. 

Clonal  growth  assays.  Secondary  passaged  cells  were  grown  to  about  50%  confluency,  then 
were  harvested  by  trypsinization.  Clonal  growth  assays  were  initiated  by  inoculating  500  cells 
into  each  60-mm,  collagen-coated  dish  containing  5  ml  of  medium.  LMB  dilutions  were  made  in 
media  and  the  ethanol  concentration  was  kept  constant  at  0.01%  in  control  and  experimental 
media.  Cells  were  incubated  for  either  4  or  24  hr  in  LMB  before  being  seeded.  After  incubation 
in  a  humidified  atmosphere  of  5%  C02/95%  air  at  37°C  for  10  days  without  feeding,  the  cells 
were  fixed  in  10%  formalin  and  stained  with  crystal  violet  (25).  An  Artek  image  analyzer 
(Dynatech,  Chantilly,  VA)  was  used  to  measure  the  total  area  of  each  dish  covered  by  cells, 
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which  is  directly  proportional  to  cell  number  (27).  Triplicate  dishes  were  tested  for  each  control 
and  experimental  variable,  and  each  experiment  was  performed  twice. 

Cell  cycle  analysis.  Cells  were  harvested  with  trypsin  and  fixed  by  dropwise  addition  of  ice  cold 
70%  EtOH.  After  1  hour  of  fixation,  cells  were  rinsed,  then  incubated  with  RNase  (50  p-g/ml) 
and  stained  with  propidium  iodide  (20  p-g/ml).  Analysis  of  DNA  content  was  carried  out  on  a 
FACScan  flow  cytometer  and  cell-cycle  phase  distribution  was  quantified  using  Cellfit  software. 
Northern  analysis.  Total  RNA  was  extracted  from  cells  with  Trizol  (Gibco-BRL).  After 
running  in  agarose  gels,  the  RNA  was  transferred  to  Nytran  membrane  (Schleider  and  Schnell, 
Keene,  NH)  and  hybridized  with  ^^P-cDNA  probes  of  full-length  human  p53,  mdm2  (mouse 
homolog  of  hdm2)  and  Equal  loading  of  samples  was  visualized  by  staining  the  18S 

rRNA  with  methylene  blue.  Blots  were  visualized  and  radioactive  signals  quantitated  on  a  Storm 
860  Phosphorlmager  (Molecular  Dynamics,  Sunnyvale,  CA). 

Radiation.  Cells  at  ~  75%»  confluency  were  exposed  to  y-irradiation  from  a  '^’Cs  source  at  a 
dose  rate  of  4  Gray/minute. 

Apoptosis.  LNCaP  and  DU  145  cells  were  inoculated  at  a  density  of  2x10^  cells/60-mm  dish. 
One  day  later  the  medium  was  changed  and  cells  were  treated  with  various  concentrations  of 
LMB  (0.2-20pM).  Cells  treated  with  diluent  (0.1%*  EtOH)  were  included  as  controls.  After  24 
hr,  Hoechst  33342  and  propidium  iodide  (Sigma-Aldrich)  were  added  to  the  medium  at  10  |ig/ml 
and  20  pg/ml,  respectively.  After  incubation  for  15  min  at  37  C°,  400  cells  from  each  dish  were 
counted  using  a  fluorescent  microscope  and  the  proportion  of  viable  and  apoptotic  cells  was 
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RESULTS 


LMB  induced  accumulation  of  p53  that  localized  to  the  nuclei  of  primary  prostatic  cells. 

We  first  sought  to  determine  if  treatment  of  primary  prostatic  epithelial  cells  with  LMB  could 
cause  an  increase  in  p53  levels.  Western  blot  analysis  using  the  p53-specific  mAb  DO-1 
demonstrated  that  p53  protein  increased  in  a  time-dependent  manner  after  exposure  of  primary 
epithelial  cells  from  the  peripheral  zone  of  the  prostate  (E-PZ-1  cells)  to  2  and  20  nM  LMB 
(Figure  lA).  The  accumulated  p53  was  found  predominantly  in  nuclei  of  primary  prostatic 
epithelial  cells  after  18  hour  (hr)  of  treatment  with  LMB  (2-20  nM)  as  determined  by 
immunocytochemical  analysis  (Figure  IB,  panels  a-d).  The  abundance  and  distribution  of  the 
nuclear-located  retinoblastoma  protein,  pRb,  and  the  cytoskeletal  protein,  keratin  18,  were  not 
affected  by  the  drug  treatment  (Figure  IB,  panels  e-h).  These  results  show  that  LMB-treatment 
increased  nuclear  p53  in  prostatic  epithelial  strains,  in  accordance  with  other  reports  using 
different  cell  types  (22,  28),  without  affecting  the  levels  of  other  proteins  not  actively  exported  to 
the  cytoplasm  by  the  CRMl/exportin  pathway. 

LMB-stabilized  p53  activated  downstream  target  gene  products.  We  next  investigated  the 
dose-dependency  of  LMB  to  stimulate  expression  of  endogenous  p53  target  genes  {hdm2, 
p2 in  primary  prostatic  epithelial  cells  (Figure  2).  E-PZ-1  cells  were  incubated  with  a 
range  of  LMB  concentrations  for  24  hr  after  which  time  cell  extracts  were  prepared.  A 
concentration  of  1  nM  LMB  was  found  to  be  sufficient  to  induce  p53  accumulation  and 
concomitant  increases  in  HDM2  and  protein  levels  (Figure  2).  We  also  found  that 

levels  of  the  p53-regulated  pro-apoptotic  Bax  protein  increased  with  LMB  dose  in  a  manner 


similar  to  profile  (data  not  shown).  No  changes  in  expression  of  the  non-  p53- 

regulated  cell  cycle  inhibitors  pl6''^'^''“  and  p27“'‘',  or  the  transcription  factor  NF-kB,  were  found 
after  LMB-treatment  (Figure  2),  suggesting  that  the  elevation  of  both  p2P‘^'' and  HDM2 
were  selective  events.  Adachi  and  co-workers  (17)  have  reported  that  LMB  regulates  the 
distribution  of  p42/44  MAPK  (ERKl/2)  protein  by  inhibiting  the  relocation  of  nuclear  MAPK  to 
the  cytoplasm.  Their  work  did  not  address  whether  LMB  leads  to  an  increase  in  total  MAPK 
levels,  however,  we  did  not  detect  substantial  stabilization  of  MAPK  proteins  during  our 
experiments  (Figure  2),  although  it  is  possible  that  LMB  did  cause  nuclear  accumulation  of  these 
proteins.  LMB  had  similar  effects  on  the  protein  expression  of  p53  and  p53-target  genes  in  the 
E-PZ-2  primary  epithelial  cell  strain  also  analyzed  (data  not  shown). 

y-Irradiation  did  not  potentiate  LMB-stabilized  p53  induction  of  Since  LMB 

enhanced  p53  levels  in  primary  cell  strains,  we  next  addressed  whether  irradiation  of  cells  before 
or  after  LMB-treatment  could  further  enhance  the  level  and  duration  of  the  response. 

Irradiation  of  cells  with  LMB-stabilized  p53  (after  4hr  with  LMB)  did  not  increase  the  extent  or 
duration  of  p2l'^'^''‘^’'’'  expression,  and  irradiation  of  cells  prior  to  LMB  drug  treatment  also  failed 
to  enhance  the  expression  of  above  that  of  LMB  alone  (data  not  shown). 

LMB  caused  p53  accumulation  through  extension  of  p53  half-life  and  increase  in  mRNA 
levels.  Since  western  blot  analysis  with  DO-1  demonstrated  that  p53  protein  expression 
increased  in  a  time-dependent  manner  after  exposure  of  E-PZ-1  cells  to  2  and  20  nM  LMB 
(Figure  2),  we  next  determined  the  mechanisms  involved.  Cells  were  pretreated  for  4  hr  with  20 
nM  LMB,  25  pM  MG132  or  5  nM  Actinomycin  D  (Act  D)  and  then  protein  synthesis  was 
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blocked  with  cycloheximide  (40  |liM).  Cell  lysates  were  prepared  after  30,  60  and  120  minutes 
and  subsequently  analyzed  by  western  blot  for  expression  of  p53.  MG  132  and  Act  D  treatments 
were  included  as  controls  since  p53  is  known  to  be  degraded  in  a  ubiquitin-dependent  manner  by 
the  proteasome,  and  treatment  of  cells  with  the  proteasomal  inhibitor  MG  132  leads  to  increased 
p53  levels  (29).  Act  D  also  stimulates  p53  accumulation  through  inhibition  of  RNA  polymerase 
II  at  low  concentrations  (30). 

Stabilization  of  p53  by  LMB  in  primary  prostatic  epithelial  cells  was  attributable  to  a 
post-translational  mechanism,  as  demonstrated  by  an  increase  in  half-life  of  the  p53  protein 
(Figure  3  A).  p53  stabilization  also  occurred  after  4  hr  of  treatment  with  MG  132  or  Act  D  as 
expected,  whereas  irradiation  with  8  Gray  (Gy)  did  not  upregulate  p53  levels  (data  not  shown), 
as  previously  reported  (14).  All  three  treatments  (LMB,  MG132  and  Act  D)  stabilized  p53  by 
increasing  its  half-life  to  over  1  hr,  compared  to  approximately  30  minutes  for  p53  in  untreated 
cells. 

In  addition.  Northern  blot  analysis  demonstrated  that  LMB  also  increased  p53  mRNA 
levels  at  4  and  24  hr  after  treatment  (Figure  3B).  In  agreement  with  previous  results,  irradiation 
with  6  Gy  had  little  or  no  affect  on  the  levels  of  p53  message  (14).  Induction  of and 
hdm2  transcripts  were  also  detectable  after  incubation  of  E-PZ-1  cells  with  20  nM  LMB  at  both 
early  (4  hr)  and  late  (24  hr)  timepoints  (Figure  3B)  with  levels  3-4  fold  above 

those  of  the  untreated  control  after  24  hr.  Thus,  LMB-treatment  led  to  an  increase  in 
and  hdm2  mRNA  due  to  post-translational  stabilization  of  p53  protein  competent  in  binding  and 
activating  the  promoters  of  its  target-genes. 
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LMB-induced  p53  expression  led  to  growth  arrest  and  inhibition  of  clonal  growth  potential 
of  primary  epithelial  cells.  Considering  that  induction  occurred  in  prostatic 

epithelial  cells  after  LMB -treatment,  we  investigated  whether  these  cells  underwent  cell  cycle 
arrest.  Flow  cytometric  analysis  was  performed  on  the  E-PZ-1  and  E-PZ-2  cell  strains  that  had 
been  incubated  in  the  presence  of  various  concentrations  of  LMB  for  24  hr  (Figure  4A).  A 
concentration  of  0.5  nM  LMB  substantially  increased  the  number  of  cells  in  Gi  while  higher 
concentrations  led  to  almost  80%  of  the  population  arrested  in  Gi.  P53  transcriptional 
transactivation  of  the  endogenous  promoter  may  contribute  to  the  induction  of  Gi  cell 

cycle  arrest  in  these  cell  strains,  as  the  p53-mutant  prostate  cancer  cell  line  DU  145  (31,  32)  did 
not  induce  or  HDM2  or  undergo  a  substantial  Gi  arrest  in  response  to  LMB  (Figure 

4B  and  5A).  LMB-induced  growth  arrest  in  prostatic  epithelial  cells  was  prolonged,  with  cells 
unable  to  resume  proliferation,  adopting  a  senescent-like  phenotype  as  reported  by  others  (28). 

In  addition,  clonal  growth  assays  were  performed  to  assess  the  proliferative  potential  of 
prostatic  epithelial  cells  after  exposure  to  LMB  (Figure  4C).  E-PZ-1  cells  were  exposed  to 
various  doses  of  LMB  for  4  or  24  hr,  then  trypsinized  and  inoculated  into  medium  without  LMB. 
After  10  days,  growth  was  quantified.  Treatment  with  either  2  or  20  nM  LMB  for  4  hr  reduced 
subsequent  clonal  growth  substantially  (to  approximately  50%  of  untreated  cells).  Cells 
pretreated  with  LMB  for  24  hr  were  completely  growth  inhibited,  with  little  clonal  growth  at  20 
nM.  These  data  would  be  consistent  with  the  induction  of  an  irreversible  growth  arrest  by  LMB 
at  longer  time  points  (33). 

LMB-treatment  of  LNCaP  cells  caused  p53  accumulation  and  apoptotic  cell  death.  One  of 

the  most  frequently  studied  prostatic  cancer  cell  lines  is  LNCaP,  which  was  derived  from  a 
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lymph  node  metastasis.  LNCaP  cells  contain  wild-type  p53,  which,  unlike  in  primary  cells,  is 
rapidly  induced  after  y-irradiation  and  can  induce  expression  (14).  LMB  was  found  to 

have  a  potent  cytotoxic  effect  on  LNCaP  cells,  in  contrast  to  primary  cells  (Figure  5).  LNCaP 
cells  treated  with  LMB  induced  p53  protein  expression  at  similar  doses  as  in  the  primary  strains, 
with  an  associated  enhancement  of  expression  (Figure  5A)  and  accumulation  in  Gi 

and  G2  phases  of  the  cell  cycle  (data  not  shown).  However,  LNCaP  cells  underwent  dramatic 
morphologic  changes  after  24-48  hr  of  incubation  in  2  nM  LMB  that  were  indicative  of  apoptotic 
cell  death  (Figure  5B),  with  the  vast  majority  of  cells  detached  from  the  culture  dish  by  48  hr. 
We  used  Hoechst/propidium  iodide  staining  to  quantitate  the  level  of  apoptosis  in  LNCaP  cells 
after  24  hr  in  LMB.  Doses  as  low  as  0.2  nM  LMB  were  found  to  cause  substantial  apoptosis  in 
LNCaP;  in  contrast,  the  p5  3 -mutant  DU  145  cell  line  did  not  undergo  significant  apoptosis  at  20 
nM  LMB  (Figure  5B  +  C).  Upregulation  of  p21'"'''''''‘^"’‘  in  DU  145  cells  was  not  apparent  after 
treatment  with  similar  concentrations  of  LMB,  suggesting  that  wild-type  p53  function  is  required 
for  p21'^‘^''‘'*^'‘’‘  expression  and/or  induction  of  apoptosis.  These  data  indicate  that  LNCaP  tumor 
cells  are  very  susceptible  to  LMB-induced  apoptosis  that,  at  least  in  part,  involves  p5  3 -dependent 


mechanisms. 
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DISCUSSION 


Targeting  the  activation  of  p53  in  tumors  that  contain  the  wild-type  gene  is  a  promising 
strategy  for  future  cancer  therapies.  Commonly  used  chemotherapeutic  agents,  which  in  many 
cases  act  by  inducing  DNA  damage,  activate  cellular  pathways  that  inhibit  proliferation  and  lead 
to  growth  arrest  or  programmed  cell  death/apoptosis.  Although  most  prostate  cancers  contain 
wild-type  p53  and  proliferate  slowly,  radiation  and  chemotherapeutic  strategies  used  to  control 
this  disease  are  relatively  ineffective.  Previous  work  performed  in  this  laboratory  demonstrated 
that  p53  stabilization  and  p53-dependent  activation  of  the  promoter  did  not  occur  after 

y-irradiation  of  prostatic  epithelial  cells  or  after  treatment  with  DNA  damaging  drugs  (14). 

We  therefore  tested  an  alternative  approach  that  was  previously  shown  to  upregulate  p53 
in  rat  (33)  and  human  (28)  primary  fibroblasts.  Reactivation  of  p53  in  prostate  cells  is  an 
attractive  goat  as  p53  plays  a  central  role  in  the  1)  regulation  of  genes  involved  in  growth  arrest, 
such  as  and  the  growth  arrest  and  DNA  damage-inducible  protein  45  (GADD45),  2) 

repression  of  genes  associated  with  survival,  i.e.,  bcl-2,  fos  (34),  and  3)  activation  of  pro- 
apoptotic  genes  (fas/apol,  bax  and  IGF-BP3). 

Our  analysis  of  the  effect  of  the  nuclear  export  inhibitor  LMB  on  the  expression  of  p53  in 
prostatic  epithelial  cells  demonstrated,  in  agreement  with  previous  reports  using  other  cell  types, 
1)  nuclear  accumulation  of  p53,  2)  post-translational  stabilization  of  the  p53  protein  and  3) 
induction  of  specific  downstream  target  genes  of  p53  (22,  23).  We  demonstrated  induction  of 
p2jwAFi/cipi  HDM2  at  both  the  protein  and  mRNA  level,  due  to  transcriptionally  active  p53 
located  in  the  nuclei  of  the  prostatic  epithelial  cells.  These  primary  prostatic  epithelial  cells  also 
underwent  growth  arrest  and  eventually  adopted  a  senescent-like  phenotype,  as  reported  by 
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Smart  and  co-workers  (1999).  We  also  tested  the  possibility  that  irradiation  in  combination  with 
LMB  could  further  influence  the  activity  of  p53  in  prostatic  epithelial  cells.  By  inducing  p53 
stabilization,  through  LMB-inhibition  of  nucleocytoplasmic  shuttling  for  4  hr,  and  subsequently 
causing  DNA  damage  by  y-irradiating  primary  prostatic  cells,  it  was  hypothesized  that  the 
activity  of  p53  would  be  amplified  by  the  DNA  damage  signal  transduction  cascade.  However, 
we  found  no  difference  in  the  level  of  induction  or  duration  of  or  HDM2  proteins 

when  cells  were  1)  irradiated  before  or  2)  irradiated  after  LMB  addition  compared  to  non- 
irradiated,  LMB-treated  cells. 

In  contrast  to  the  elevation  of  Bax  and  HDM2,  no  induction  of  the  GADD45 

protein  was  found  after  LMB-treatment  (data  not  shown),  suggesting  that  LMB  does  not  elicit  a 
DNA  damage  response  in  prostatic  epithelial  cells.  Alternatively,  lack  of  GADD45  induction 
may  be  due  in  part  to  a  primary  defect  in  the  DNA  damage-sensing  machinery  that  is  responsible 
for  activating  the  p5 3 -signaling  cascade.  However,  it  has  recently  been  reported  that 
overexpression  of  p53  in  the  absence  of  a  DNA  damage  signal  is  insufficient  to  activate 
GADD45  (35).  Further  studies  are  required  to  determine  if  exposure  to  both  LMB  and  y- 
irradiation  alters  the  expression  of  p53  target  genes,  such  as  Bax  and  GADD45,  in  both  normal 
and  cancer-derived  primary  epithelial  strains. 

Since  we  demonstrated  that  LMB  inhibited  cell  cycle  progression  of  prostatic  epithelial 
cells  through  a  Gi  phase  cell  cycle  block,  we  investigated  the  responses  of  prostate  tumor- 
derived  cell  lines  to  LMB.  The  DU  145  prostate  cancer  cell  line  does  not  express  wild-type  p53, 
did  not  upregulate  p21'^'^''''^"’‘  and  did  not  undergo  a  substantial  growth  arrest  in  response  to 
LMB.  In  contrast,  LNCaP  cells,  which  contain  a  wild-type  p53  gene,  exhibited  increased 
accumulation  of  p53  protein  in  response  to  LMB,  with  a  concomitant  increase  in  p21'^'^''‘'‘^''’‘. 
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Interestingly,  low  concentrations  of  LMB  (i.e.  2nM)  were  sufficient  to  induce  a  profound 
cytotoxic  effect  after  24-48hr.  Cell  death  by  apoptosis  was  not  manifested  in  the  p5  3 -mutant 
cancer  cell  lines,  DU  145  and  PC-3,  up  to  48hr  after  LMB  treatment.  Although  further  work  is 
required,  our  data  indicates  that  LMB-treatment  of  advanced  prostate  tumor-derived  results  in 
p53-dependent  apoptosis  and  not  p53-dependent  growth  arrest.  Preliminary  work  with  primary 
epithelial  cancer  strains  has  demonstrated  that  p53  can  indeed  be  stabilized  by  similar 
concentrations  of  LMB  that  elevate  p53  levels  in  normal  epithelial  cells.  It  will  be  interesting  to 
determine  if  this  upregulated  p53  leads  to  a  profound  growth  arrest  or  the  induction  of  apoptosis 
in  these  cancer-derived  cells.  Thus,  if  primary  cancer  strains  display  a  differential  sensitivity  to 
LMB  than  their  normal  counterparts  then  the  activation  of  p53  in  an  LMB-like  fashion  could 
have  possible  therapeutic  applications  for  the  treatment  of  both  primary  and  metastatic  prostate 
cancer. 

The  importance  of  the  regulatory  mechanisms  that  influence  protein  export  from  the 
nucleus  has  recently  been  emphasized  by  the  finding  that  pl4‘''^'  (murine  plP'^'^'),  identified  as 
an  activator  of  p53  activity,  functions  as  an  inhibitor  of  nuclear  export  (36).  interacts 

with  HDM2,  inhibits  HDM2 -mediated  ubiquitination  of  p53  and  causes  an  increased  turnover  of 
HDM2  (37,  38).  Since  LMB  stabilized  transcriptionally  active  p53  in  prostatic  epithelial  cells 
through  inhibition  of  CRM  1 -dependent  nuclear  export,  it  may  be  feasible  in  the  future  to  develop 
small  molecular  drugs  with  low  toxicity  that  specifically  inhibit  the  nuclear  export  of  p53.  This 
would  be  an  effective  therapeutic  strategy  for  the  treatment  of  cancers  in  which  p53  is  wild-type 
but  aberrantly  regulated,  as  is  the  case  in  prostate  cancer. 
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separated  by  SDS-PAGE.  After  blotting  and  incubation  with  the  DO-1  mAb  specific  for  p53, 
ECL  signals  were  subjected  to  desitometric  analysis  using  the  UN-SCAN-IT  gel  digitizing 
software.  (B)  Western  blot  analysis  of  p53  levels  in  E-PZ-1  cells  4  hours  after  treatment  with  6 
Gy  y-irradiation,  25pM  MG132  or  20  nM  LMB.  P53  was  detected  by  the  DO-1  mAb.  (C) 
Northern  blot  analysis  of  E-PZ-1  cells  treated  with  either  6  Gy  y-irradiation  or  20  nM  LMB. 
Cells  were  treated  as  described  and  harvested  at  the  indicated  times.  Total  RNA  was  isolated 
and  subjected  to  agarose  gel  electrophoresis.  After  blotting,  full  length  p53,  mdm2  and 
p2|WAFi/cipi  cDNA  probes  were  radiolabeled  and  used  to  probe  the  blot.  Blots  were  visualized  and 
radioactive  signals  quantitated  on  a  Storm  860  Phosphorlmager.  This  experiment  was 
performed,  with  similar  results  being  obtained,  on  two  occasions. 

Figure  4:  LMB  induced  G^  cell  cycle  arrest  and  loss  of  growth  potential  of  primary  epithelial 
cell  strains.  One  million  cells  of  E-PZ-1  (A)  and  the  DU  145  cancer  line  (B)  were  treated  with 
various  doses  of  LMB  for  24  hr  before  cells  were  trypsinized  and  fixed.  Cells  were  stained  with 
20  |ig/ml  propidium  iodide  and  analyzed  with  a  FACScan  flow  cytometer.  Cell-cycle  phase 
distribution  was  quantified  using  CellQuest  and  Modfit  software  (Becton  Dickinson).  (C) 
Inhibition  of  clonal  growth  by  LMB.  Cell  strain  E-PZ-1  was  treated  with  LMB  for  4  and  24  hr. 
Five  hundred  cells  were  then  seeded  in  fresh  LMB-free  medium  and  allowed  to  grow  for  10  days 
before  staining  and  counting.  Growth  in  absence  of  LMB  was  set  at  100%.  Each  point 
represents  the  average  of  duplicate  experiments,  with  three  dishes  per  point  in  each  experiment. 


±  SEM.  Similar  results  were  obtained  with  the  E-PZ-2  strain. 
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Figure  5:  Effect  of  LMB  on  prostate  cancer  cell  lines.  (A)  2  and  20  nM  LMB  induced 
expression  of  p53  and  in  LNCaP  cells  but  not  in  mutant-p53  containing  DU  145  cells. 

DU  145  cells  were  harvested  at  4,  8  and  24  hr  after  exposure  to  LMB  and  the  primary  prostate 
strain  E-PZ-2  was  included  as  a  control.  A  short  ECL  exposure  was  used  to  display  the  p53 
signal  from  DU  145.  DO-1  reactive  p53  was  present  as  a  doublet  in  LNCaP  cell,  as  previously 
observed  in  a  number  of  different  cell  lines.  (B)  Morphological  characteristics  of  LNCaP  and 
DU  145  cancer  cell  lines  after  48  hr  exposure  to  LMB.  Semi-confluent  populations  of  each  cell 
line  were  grovm  with  or  without  LMB  for  48  hr  and  examined  microscopically.  LNCaP  cells- 
Panel  (a)  untreated  control  and  (b)  2  nM  LMB.  DU  145  cells-  Panel  (c)  untreated  cells  and  (d) 
20  nM  LMB.  (C)  The  amount  of  apoptosis  induced  in  LNCaP  and  DU  145  cells  by  24hr 
incubation  with  various  doses  of  LMB  was  quantified  by  Hoechst  33258/propidium  iodide 
staining  of  nuclear  DNA.  Nuclear  morphology  was  examined  and  the  number  of  cells  with 
normal  and  abnormal  nuclei  was  noted  for  each  treatment.  Data  presented  represents  the  mean 


(+/-  SEM)  of  3  separate  experiments. 
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•  Reviewer  #1 


Summary— This  paper  describes  the  effects  of  LMB,  an  inhibitor  of  CRM-1  based 
nuclear  export,  on  induction  of  p53  responses,  cell  cycle,  and  viability  of  a  variety  of 
prostate  cancer  cell  lines.  The  data  confirm  previous  analyses  of  other  lines  that  LMB 
can  induce  nuclear  accumulation  of  p53,  and  can  activate  downstream  targets.  At  certain 
concentrations  and  times,  LMB  can  induce  cell  cycle  arrest  or  apoptosis.  LMB  was  not 
shown  to  have  such  effects  in  several  p53-deficient  prostate  tumor  cell  lines,  leading  to 
the  suggestion  that  development  of  p53-specific  L\ffi-type  agents  might  be  of 
therapeutic  utility. 

Critique:  This  study  recapitulates  prior  studies  in  other  cell  lines,  and  comes  to  similar 
conclusions  about  the  ability  of  LMB  to  increase  p53  abundance  and  generate  p53 
transcriptional  and  biological  responses.  Therefore,  the  only  thing  that  can  be  said  to  be 
really  new  has  to  do  with  the  particular  cell  lines.  Although  the  authors  do  not  state  it 
explicitly,  there  is  a  suggestion  that  the  effects  of  LMB  may  be  dependent  on  cell  lines 
containing  a  wild  type  p53.  This  inference  is  based  on  comparisons  of  p53  wt  and  p53- 
deficient  cell  lines.  Of  course,  the  p53  deficient  cell  lines  are  genetically  distinct  fi’om 
the  p53  wt  cell  lines,  and  this,  not  the  p53  status,  could  cause  the  difference  in  LMB 
response.  Clearly,  the  authors  need  to  inactivate  p53  in  the  p53wt  lines,  and  then  assess 
the  effects  of  LMB,  to  make  such  a  point.  If  the  authors  could  show  that  the  effects  of 
LMB  on  cell  viability  were  dependent  on  p53,  this  would  significantly  add  to  the  strength 
of  the  paper.  As  LMB  inhibits  the  nuclear  export  of  all  proteins  that  require  CRM-1  for 
export  However,  the  finding  that  LMB  nor  only  induces  p53  nuclear  accumulation,  but 
also  results  in  activation  of  a  p53  stress  response  including  enhanced  transcription  of  p21, 
induction  of  BAX,  apoptosis  or  senescent-like  arrest  suggest  that  LMB  IS  capable  of 
inducing  a  damage  response,  despite  the  assertion  to  the  contrary  because  GADD45  is  not 
induced. 

Other  points: 

1.  It  appears  that  20nM  LMB  results  in  decreased  abundance  of  p21  and  p27.  How 
reproducible  was  this  result?  It  seems  that  a  good  internal  standard  is  needed.  What 
about  actin,  and  some  densitometric  quantification? 

2.  The  half-life  measurement  lacks  appropriate  internal  control  and  quantification, 
making  I  difficult  to  draw  a  firm  conclusion.  Why  doesn’t  6Gy  induce  p53  in  these  cells? 
Are  they  ARF-? 

3.  The  cell  cycle  analysis  of  the  p53-deficient  prostate  cell  line  in  Fig.  4Bshows  no 
apparent  change  with  LMB.  However,  could  this  just  be  a  reflection  of  a  dose-response 
difference  since  only  lOnM  LMB  was  used  and  the  full  effect  on  the  p53+  line  was 
observed  at  about  2nM?  Also,  if  the  cells  grow  at  different  rates,  perhaps  a  different 
treatment  time  needs  to  be  explored. 
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4.  The  paper  refers  to  the  requirement  for  MDM2  to  export  p53  from  the  nucleus.  This  is 
a  highly  debated  point  Indeed,  both  p53  and  MDM2  have  N^s,  and  both  were  found  to 
be  quite  weak.  Thus,  MDM2  will  do  well  to  get  itself  out  of  the  nucleus,  let  alone  cart 
p53  along  with  it  Others  have  shown  that  the  p53  NES  is  required  for  its  export, 
whereas  MDM2  is  not  required  for  p53  nuclear  export,  except  perhaps  via  ubiquitin 
mediated  destabilization  of  the  p53  tetramer  to  expose  the  p53  NES.  However,  this  is 
still  a  matter  of  debate.  The  authors  also  finish  the  discussion  with  comments  on  ARE 
assisting  in  unclear  exit  of  both  MDM2  and  p53.  This  has  been  shown  to  be  an  artifact  of 
expressing  ARE  at  supraphysiologic  levels.  The  authors  should  endeavor  to  cite  the 
relevant  literature  more  carefully. 

The  suggestion  to  use  LMB  for  therapy  has  been  made  before,  and  specifically  by 
D.  Lane  with  regard  to  p53  activation.  However,  it  is  my  understanding  that  this  drug  is 
extremely  toxic,  and  hence  would  be  unlikely  to  engender  a  useful  therapeutic  index. 


Reviewer  #2 


In  their  manuscript  entitled  “Leptomycin  B  Stabilises  and  Activates  p53  in  Primary  Prosiatic  Epithelial 
Cells  and  Induces  Apoptosis  in  the  LNCaP  Cell  Line”  Lecane  et  al  desi  ribe  a  series  of  experiments  in 
which  tliey  demonstrate  stabilization  and  downstream  activin’es  of  p53  ir  luced  by  leptomycin  B  (LMB) 
in  primary  prostatic  epithelial  cells  and  in  selected  prostate  cancer  cell  Ht  es.  This  is  a  well  written  paper 
in  which  the  authors  initially  demonstrate  that  LMB  treatment  can  lead  to  the  stabilization  ofp53  protein 
in  prostatic  epithelial  cells  and  that  this  in  turn  leads  to  transcriptional  ac  ivation  of  p21  and  HDM2  and 
growth  arrest  in  primary  prostate  epithelial  cell  strains.  These  experim'  nts,  although  not  conceptually 
novel,  generalize  the  effects  of  LMB  to  primary  prostatic  epithelial  cells,  [he  authors  do  contribute  some 
new  information  by  carefiilly  documenting  that  LMB  treatment  significa  itly  increases  p53  half-life  and 
by  demonstrating  that  LMB  induces  p53  mRNA  levels.  The  authors  also  demonstrate  that  relatively  low 
concentrations  of  LMB  can  induce  cell  cycle  arre.st  and  apoptosis  in  LNCr  P  cells  which  contain  wild-type 
p53,  but  not  in  DU  145  prostate  cancer  cells  in  which  p53  is  mutated.  T  lis  apparently  new  information 
shows  the  capacity  of  LMB  to  induce  cell  death  in  a  specific  prostate  can  :er  cell  line  in  vitro.  Although 
there  is  some  new  and  Interesting  information  contributed  in  the  manuscr  pt  regarding  the  mechanism  of 
action  of  LMB  vis-a-vis  p53  stabilization  and  downstream  effects,  the  mi  st  interesting  contribution,  i.e., 
induction  of  apoptosis  in  LNCaP  cells,  is  not  further  investigated  in  regan  to  characterizing  the  apoptotic 
response  at  the  molecular  level,  possibly  in  direct  comparison  with  priir  ary  prostate  cancer  cell  strains 
which  do  not  undergo  apoptosis.  Thus,  fte  most  interesting  novel  observs  don  in  this  paper  is  limited  to  a 
superficial  analysis. 

Another  concern  is  the  lack  of  discussion  regarding  the  occurrence  of  pf  3  mutations  in  pro.state  cancer. 
The  authors  imply  that  p53  mutations  are,  in  general,  very  limited  in  pros!  ite  cancer  and  thus  LMB  could 
be  used  to  activate  endogenous  p53  contained  within  prostate  cancer  cell .  However,  the  authors  do  not 
mention  or  discuss  the  extensive  literature  regarding  selection  for  p53  r  lUtations  in  metastatic  prostate 
cancer.  Data  firom  numeroas  laboratories  have  documented  that  mutatio:  i  frequencies  in  soft  tissue  and 
bone  metastases  occur  at  frequencies  of  approximately  30%  and  70%,  respectively.  Therefore,  p53 
mutations  in  metastatic  prostate  cancer  are  common  and  could  present  i  serious  obstacle  in  regard  to 
efficacy  of  systemioally  delivered  LMB-like  molecules. 
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